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PREFACE

Operations of the Nation's Space Transportation System (STS) have provided
recurring opportunities for the aerothermodynamicist to study entry aerothermal
phenomena unique to lifting vehicles in hypersonic flight. Initiated in the mid-
1970s, the NASA Orbiter Experiments (OEX) Program provided a mechanism for
utilization of the Shuttle Orbiter as an entry aerothermodynamic flight-research
vehicle, as an adjunct to its normal operational missions.

Under the auspices of the OEX Program, various elements of aerothermodynamic
research instrumentation flew aboard the Orbiters Columbia and Challenger.
These OEX experiment instrumentation packages obtained in-flight
measurements of the requisite parameters for (1) determination of Orbiter
aerodynamic characteristics (both static and dynamic) over the entire entry flight
regime, and (2) determination of the aerodynamic heating rates imposed upon the
vehicle's thermal protection system during the hypersonic portion of atmospheric
entry.

The data derived from the OEX complement of experiments represent benchmark
hypersonic flight data heretofore unavailable for a lifting entry vehicle. These
data are being used in a continual process of validation of state-of-the-art
methods, both experimental and computational, for simulating/predicting the
aerothermodynamic characteristics of advanced space transportation vehicles.

The Orbiter Experiments (OEX) Aerothermodynamics Symposium provided
a forum for dissemination of OEX experiment flight data and for demonstration of
the manner in which these data are being used for validation of advanced vehicle
aerothermodynamic design tools. The Symposium's invited speakers included
both OEX experiment Principal Investigators and other researchers who have
been active users and analysts of the Orbiter entry flight data. This NASA
Conference Publication comprises a compendium of the papers presented at the
Symposium.
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Part1
WELCOME AND OPENING REMARKS

H. Lee Beach, Jr.
Deputy Director
NASA Langley Research Center
Hampton, VA

I would like to welcome all of you who have come long distances to participate in what I hope will
be a very dynamic and productive Symposium over the next four days. Let me start with an apology.
As your Program indicates, Paul Holloway, the Director of the Langley Research Center, had planned to
be here this morning. Paul is very disappointed that he was unable to do so because he had been
planning for some time to be here to welcome you and provide the opening remarks for the Symposium.
He was informed on Friday that he would be needed in Washington both yesterday and today. So he
asked me to express his sincere apologies for not being here, and I know that is an apology that is very
heartfelt. Paul has a strong association with the Orbiter Experiments (OEX) Program. He, along with
many of you in this room, invested a tremendous amount of energy getting this program started a
number of years ago, and I know he is extremely disappointed that he could not be here to share in this
occasion with you. In any case, I'm glad to be able to express a few thoughts that I think Paul would
have shared had he been able to be here.

Why did we have an OEX program to begin with? In my opinion, having been an outsider looking
in, it was the result of both the foresight and very aggressive advocacy efforts of some specific
individuals from across the Agency. In the early 1970s, during the Phase B portion of the Shuttle
program, significant uncertainties and concerns existed with regard to our ability to accurately predict the
entry aerothermodynamic environment of the Shuttle Orbiter. Specifically, concerns existed relative to
phenomena such as leeside heat transfer, lower-surface boundary-layer transition, and the vehicle's
hypersonic aerodynamic characteristics. (These, of course, were only a few of the many vehicle design
concerns.) Leeside heat transfer and boundary-layer transition issues would influence thermal protection
system requirements heavily and, therefore, total vehicle weight, payload mass-fraction, and other
important aspects of the transportation system. Uncertainties in extrapolating wind-tunnel-derived
hypersonic aerodynamics to flight would influence the vehicle's flight-control system design and
robustness, as well as safety-of-flight issues. Of course, all these issues would be "solved," in some
sense of the word, for the orbiter design. However, they would be solved through inclusion of
significant design conservatism, not by improved predictive capabilities at the time. So the early flights
of the Shuttle would be performed in a highly constrained flight envelope, and that envelope would be
incrementally expanded as flight experience and data were obtained. It was in this environment that the
Orbiter Experiments Program was born (as I have indicated, not without significant difficulty) to take
advantage of the anticipated "regular” flights of the Shuttle to gather flight data which could be used to
improve and validate the aerothermodynamic predictive techniques which will be used for the design of
other vehicles for future space transportation systems.

Where do we stand today? The aerothermodynamic design process for the Shuttle Orbiter required
more than 100,000 hours of wind-tunnel occupancy in facilities all over the country. Even today, the
operational flight envelope of the orbiter, specifically its cross-range capability, is constrained relative to
what had been initially planned, as a direct result of under-prediction of certain aspects of the entry
aeroheating environment of the orbiter. The Orbiter Experiments Program has enabled us to better
understand which flight parameters really require accurate simulation in our ground-test facilities and
how to more accurately extrapolate wind-tunnel results to the flight environment. One would think,
therefore, that "better, faster, and cheaper” development of future space transportation vehicles could be

achieved through more efficient utilization of our ground-based facilities than was the case for the Shuttle
Orbiter.



After almost twenty years since the beginning of the Shuttle Orbiter design process and the birth of
the OEX program, we have computational fluid dynamic (CFD) capabilities which were not dreamed-of
in the time frame of Shuttle development. A lot of modeling work has gone on. We still do wind-tunnel
testing, of course, and in my judgment will continue to do so for the remainder of our careers and
probably the careers of our children. But, we have greatly improved our predictive capabilities, and the
OEX Program has provided significant amounts of data that have helped us and will continue to help us
understand how we can better use the tools of today to design the vehicles of tomorrow.

It's our hope at Langley that this Symposium will be a good mechanism to sum up what we have
learned and hopefully to point the way to those future vehicles that I sincerely hope will be coming down
the pike for our country in the years to come. I hope that you will have a very productive four days here,
as I am sure you will. Iinvite you to participate aggressively and vigorously, in the hope that we'll come

out of these four days with a much better understanding of where the technology stands, and we can take
this information and look forward to the future.

Again let me say, welcome to each of you, and have a very productive and enjoyable Symposium.



ORBITER EXPERIMENTS (OEX) PROGRAM OBJECTIVE
AND EXPERIMENT COMPLEMENT

David A. Throckmorton
NASA Langley Research Center
Hampton, VA

SUMMARY

Routine operations of the Nation's Space Transportation System (STS) have provided recurring
opportunities for the aecrothermodynamicist to study entry aerothermal phenomena unique to lifting entry
vehicles in hypersonic flight. Initiated in the mid-1970s, the Orbiter Experiments (OEX) Program
provided a mechanism for utilization of the shuttle orbiter as an entry research vehicle as an adjunct to its
normal operational mission. OEX Program experiments were unique among orbiter payloads, as the
research instrumentation for these experiments were carried as integral parts of the orbiter vehicle's
structure, rather than being placed in the orbiter's payload bay as mission cargo.

The data derived from the OEX experiments represent benchmark hypersonic flight results
heretofore unavailable for a lifting entry vehicle. These data are being used in a continual process of
validation of state-of-the-art methods, both experimental and computational, for simulating and/or
predicting the aerothermodynamic flight characteristics of advanced space transportation vehicles. This
paper summarizes the aerothermodynamic research objectives of the OEX Program and the flight data
requirements of such research. The OEX Program complement of aerothermodynamic research
experiments and the synergy among these experiments are described.

INTRODUCTION

The NASA Orbiter Experiments (OEX) Program had its genesis in the early days of the Space
Shuttle Program's Phase C/D, design and development of the shuttle orbiter. Development of the orbiter
represented the first attempt to design a reusable vehicle capable of controlled aerodynamic entry from
low-Earth orbit to a horizontal landing at a predetermined landing site. The operational requirements of
this vehicle presented significant challenges to its aerothermodynamic designers. The vehicle was
required to be aerodynamically controllable across the speed-regime, from Earth-orbital, hypersonic
entry velocities to low-subsonic landing speeds; and the vehicle's thermal protection system (TPS) was
required to protect the vehicle's structure from the extreme levels of aerodynamic heating which would
accompany the hypersonic entry, yet be reusable for many additional missions.

The aerothermodynamic design process required a high degree of integration among the disciplines
of aerodynamics, aeroheating, and guidance, navigation, and control. The aerodynamic performance,
and stability and control characteristics, of the orbiter configuration had to be adequately defined over the
entire entry flight regime in order to enable design of the guidance, navigation, and flight control
systems. The vehicle's aerodynamic heating environment had to be adequately predicted in order to
enable design of the thermal protection system, as well as definition of the thermal flight envelope
constraints which would influence entry trajectory design.

An extensive program of ground-based testing was undertaken in order to generate the database
required for the aerothermodynamic design of the orbiter vehicle. This test program, which required tens
of thousands of hours of testing in the nation's hypersonic wind tunnel facilities, included aerodynamic
performance, stability and control, and aerodynamic heat-transfer testing. This expansive ground-test
program notwithstanding, it was recognized that prior to the orbiter's first flight, significant uncertainties



would exist in predictions of both the vehicle's aerodynamic characteristics and its acrodynamic heating
environment. These uncertainties resulted from inherent limitations in the ability of ground-test facilities
to adequately simulate the full-scale flight environment. While existing test facilities could, in some
instances, replicate certain of the relevant parameters (e.g., Mach number or Reynolds number), no
facility could provide simultaneous simulation of the relevant parameters. More importantly, no facilities
existed which could replicate the "real-gas" aspects of the flight environment. Additionally, since no data
existed for a lifting vehicle in the actual flight environment, methodologies for extrapolation of ground-
test results to the flight environment could not be validated.

The vehicle's flight control and thermal protection system designs were required to be sufficiently
robust to assure fail-safe operation of the orbiter during entry in the face of these uncertainties. Systems
robustness would be obtained through the application of significant factors of conservatism in the
systems designs. This conservatism would result in a highly-constrained aerodynamic flight envelope,
in severe limitations on allowable vehicle center-of-gravity variation, and most probably in an overweight
thermal protection system.

The conservatism in the orbiter's aerothermodynamic design was known to be significant, and the
research community recognized the importance of eliminating this conservatism in the design of future
entry vehicles. Members of this community also recognized the unique opportunity which Shuttle
operations might provide: to routinely gather hypersonic aerothermodynamic flight data with which to
enhance understanding of the real-gas, hypersonic flight environment, and to enable improvement and
validation of ground-to-flight data extrapolation techniques. Thus the concept of the Orbiter Experiments
(OEX) Program was born.

NOMENCLATURE
ACIP Aerodynamic Coefficient Identification Package
AIP Aerothermal Instrumentation Package
ALT Approach and Landing Test
BET Best Estimate of Trajectory
c.g. center of gravity
CSE Catalytic Surface Effects
DFI Development Flight Instrumentation

GN&C guidance, navigation, and control
HiRAP High-Resolution Accelerometer Package

IMU Inertial Measurement Unit

IRIS Infrared Imagery of Shuttle

L/D lift-to-drag ratio

NASA National Aeronautics and Space Administration

OARE Orbital Acceleration Research Experiment
OAST Office of Aeronautics and Space Technology
OEX Orbiter Experiments

OFT Orbital Flight Test

PCM pulse code modulation



RCG reaction cured glass

RCS reaction control system

SEADS Shuttle Entry Air Data System

SILTS Shuttle Infrared Leeside Temperature Sensing
SUMS Shuttle Upper-Atmosphere Mass Spectrometer
TACAN tactical air navigation

TGH Tile Gap Heating
TPS thermal protection system
x/L non-dimensional vehicle length (L=32.77m)

OEX PROGRAM GENESIS

The concept of utilizing the shuttle orbiter as a flight research vehicle, as an adjunct to its normal
operational mission, was a topic of discussion within the research community circa 1974. In this time
frame, the idea received programmatic attention in deliberations of the NASA Research and Technology
Advisory Council's (RTAC) Panel on Space Vehicles. Meetings of this Panel in March and October of
1975 resulted in recommendations to the NASA Office of Aeronautics and Space Technology (OAST),
that it pursue development and implementation of expanded flight test instrumentation to be flown aboard
the shuttle orbiter.

Potential flight investigations were identified and/or documented during a Space Technology
Workshop sponsored by the NASA OAST in August 1975 (ref. 1). This workshop was intended: (1)
to foster identification of areas of needed technology development which required, or could substantially
benefit from, space flight experimentation; and (2) to define candidate flight research experiments which
would address those technology development needs, by taking advantage of the ready access to space
which was to become possible with the advent of Shuttle operations. Entry technology was one of
eleven research areas addressed at this workshop. The report of the Workshop's Entry Technology
Panel (ref. 2) included recommendations of specific flight instrumentation concepts which, if
implemented, would enable collection of aerothermodynamic flight research data during atmospheric
entry of the shuttle orbiter. A subsequent Mini-Workshop on Entry Technology, in March 1976,
provided for more detailed definition of candidate flight experiments.

These preliminary planning activities, as well as the deliberations and recommendations of the
RTAC Panel on Space Vehicles, led to the establishment, in July 1976, of the Orbiter Experiments
(OEX) Program. Initial funding for the Program was provided, for Fiscal Year 1977, from discretionary
funds of the Associate Administrator of OAST. The OEX Program was an integral part of the proposed
NASA Budget for Fiscal Year 1978. As such, the Program was discussed in testimony (see ref. 3 as
example) before Congressional Committees with NASA oversight, during the Fiscal Year 1978 Budget
Authorization process. The OEX Program was approved as part of the NASA Budget and began to
receive yearly funding allocations in Fiscal Year 1978.

AEROTHERMODYNAMIC FLIGHT RESEARCH DATA REQUIREMENTS

Performing aerothermodynamic research in the hypersonic flight environment is not unlike the
process of conducting similar research in ground-based wind-tunnel facilities. The generic data
requirements of both are identical, although the manner in which those data are obtained may differ. In
both instances, the freestream environment in which the test is being conducted must be characterized,



and the vehicle's attitude with respect to the freestream must be accurately known. For aerodynamic
testing, the aerodynamic forces acting on the vehicle must be determined; and for aerothermal testing,
aerodynamic surface pressure, temperature, and heat-transfer-rate data must be obtained. Of course, in
both instances, the vehicle's aerodynamic configuration (i.e., control surface deflection positions) must
also be known.

Table I presents a summary list of the classes of data required for the determination of hypersonic
vehicle aerothermodynamic characteristics, whether testing is performed in ground-based wind-tunnel
facilities or in flight. The measurement techniques used to obtain these data in flight are compared with
those used to obtain similar data in the wind tunnel. The following subsections contain more in-depth
discussions of these data classes, and the flight data-measurement techniques.

Freestream Environment and Vehicle Attitude Data

In flight testing, freestream environmental definition is typically achieved by the measurement of
appropriate flight-test variables, which enable determination of the pertinent freestream flow parameters.
Normally, a calibrated "air data" probe is mounted at the end of a long boom attached to the nose of a
flight-test vehicle to enable direct, in-situ measurements of freestream dynamic and static pressures,
freestream total temperature, and vehicle attitude during flight testing. If for some reason an air-data
boom cannot be used, alternate (less accurate) approaches may be implemented to infer the required
environmental data. Atmospheric properties of static temperature, pressure, density, and winds may be
determined as a function of altitude by balloon-borne measurement devices; and vehicle position
(altitude) and velocity (ground-relative) may be determined by ground-based radar tracking. Inertial
measurement devices onboard the test vehicle may also be used for the determination of vehicle velocity
and attitude (relative to an inertial reference, without respect to winds).

Aerodynamic Force and Moment Data

Flight test determinations of aerodynamic forces and moments are accomplished by measurement
of the three-axis linear accelerations, and angular accelerations and rates, experienced by the vehicle in
flight. These data, when combined with appropriate vehicle mass, center-of-gravity, and moments-of-
inertia information enable determination of the in-flight aecrodynamic forces and moments.

Aerodynamic stability and control derivatives are determined from flight-measured dynamic data
using a process known as "maximum-likelihood estimation." In the maximum-likelihood estimation
process (ref. 4), the six-degree-of-freedom equations of motion are formulated with vehicle aerodynamic
coefficients, and stability and control derivatives, as independent model variables. In flight, a precisely-
defined, vehicle aerodynamic control input is commanded and measured, and the resulting small-
perturbation vehicle dynamic response data are recorded. The vehicle's estimated (expected) response to
the control input (based upon the pre-flight aerodynamic model) is then compared to the actual measured
response. Based upon this comparison, the aerodynamic model is updated, and a new vehicle response
estimate is generated, which is again compared to the measured response. This process is performed
iteratively until the differences between the estimated and actual response data are statistically minimized.
The resulting aerodynamic model then represents the "maximum-likelihood estimate" of the vehicle's in-
flight aerodynamic characteristics.



Aerodynamic Surface Pressure and Heat Transfer Data

Methods used to obtain aerodynamic surface data in flight are fundamentally identical to those used
in hypersonic wind tunnels. The specific implementation approaches differ somewhat, however,
because of the unique characteristics of the flight environment.

In-flight measurements of surface pressure are normally obtained using small pressure orifices
normal to the aerodynamic surface, through which the static pressure may be sensed. Each orifice is
typically connected, by tubing, to an individual pressure transducer. Because the flight-test environment
(certainly that of the shuttle orbiter) is by its very nature a transient environment, care must be taken in
the implementation of a flight pressure-sensing system to minimize measurement sensitivity to transient
phenomena and pressure losses due to tube length. Good engineering practice demands that tube lengths
between orifices and sensors be minimized. This is accomplished by simply locating the pressure
transducers as close as is practically possible to their orifice location. Thus, the influences of both
pressure transients and tube losses are minimized.

Techniques for flight measurement of aerodynamic heat-transfer rates are analogous to those used
in hypersonic wind tunnels. On the shuttle orbiter, temperatures within the orbiter's thermal protection
materials were measured at discrete locations by means of in-situ thermocouples and/or resistance-
temperature-devices (RTD's). Where installation of thes¢ devices was incompatible with the material in
which the measurement was to be made, or where spatially-continuous temperature distribution data
were desired and where a vantage point for surface viewing was available, radiometers provided for non-
intrusive measurement of temperature levels. These temperature data, when combined with proper
modeling of the heat conduction process within the thermal protection materials and reradiation of energy
into space (unique to the flight case), enabled determination of aerodynamic heat-transfer rates to the
orbiter surfaces.

Vehicle Configuration Data

Proper interpretation of acrothermodynamic flight test data obviously requires accurate knowledge
of the aerodynamic configuration under test. In the context of this discussion, configuration data refers
not simply to the geometric shape of the configuration, but, more specifically, refers to the control-
surface position configuration. In flight, control surface positions may or may not be controllable test
variables. Specifically in the shuttle orbiter case, control-surface deflections are first dictated by vehicle
trim requirements, and the guidance and navigation requirements of the entry trajectory. Variability of
the orbiter's control surface configuration about the nominal is severely limited, constrained by the
energy management requirements of the specific entry (the orbiter is an unpowered glider) and possible
thermal constraints on control surface deflection or vehicle attitude. Additionally, nominal control
surface positions may differ from mission-to-mission as a result of mission-dependent vehicle center-of-
gravity variations. Nonetheless, control-surface position data are measured during orbiter entry.

As a hybrid spacecraft and aircraft, the shuttle orbiter has not only aerodynamic control surfaces,
but also a reaction control system (RCS) which provides on-orbit vehicle attitude control. The RCS
includes some 19 primary and 4 vernier pitch-axis thrusters, and 12 primary and 2 vernier yaw-axis
thrusters. The reaction control system is active during much of the hypersonic portion of atmospheric
entry, providing attitude control at flight conditions where the dynamic pressure is insufficient for
effective attitude control by the aerodynamic control surfaces. Reaction control system operation data are
also measured during entry.



OEX EXPERIMENT COMPLEMENT AND SYNERGY

Under the auspices of the Orbiter Experiments (OEX) Program, various experiment systems were
designed, developed, and integrated aboard the Shuttle Orbiter Columbia to enable collection of research-
quality aerothermodynamic flight data. Unique OEX experiment instrumentation augmented existing
orbiter instrumentation systems. The total complement of orbiter instrumentation and OEX experiments
comprised a comprehensive instrumentation system for the determination of orbiter acrodynamic and
aerothermal flight characteristics across the entire entry flight regime.

Several early papers (refs. 5-7) documented the planning for utilization of the orbiter as an entry
flight-research vehicle. Reference 5 provides an excellent presentation of the data requirements for
orbiter aerodynamic testing, as well as descriptions of the orbiter baseline and OEX measurement
systems which were to be implemented to enable orbiter acrodynamic research. A summary discussion
of the more significant orbiter entry aerothermodynamic problems, and short, overview descriptions of
the proposed OEX experiments are contained in reference 6. Lastly, planned aerothermodynamic flight
research analyses, to be conducted by NASA Langley Research Center staff members, using data
obtained during the Orbital Flight Test missions of the Orbiter Columbia, are described in reference 7.
Reference 8 is a contemporary paper which, like the current paper, presents a retrospective overview of
the OEX aerothermodynamic experiments. It also presents typical OEX-experiments flight data and
examples, drawn from the literature, of utilization of that data for validation of advanced vehicle
aerothermodynamic design tools.

The following subsections contain discussions of both the orbiter baseline and OEX-unique
experiment systems which were incorporated (and/or used) for the purpose of obtaining orbiter entry
aerothermodynamic flight research data. These discussions are organized by data type, in the same
manner as the foregoing section entitled Aerothermodynamic Flight Research Data Requirements.

Freestream Environment and Vehicle Attitude Data

The Shuttle Orbiter Enterprise was equipped with an air data boom to obtain freestream
environment and vehicle attitude data during the Orbiter's Approach and Landing Test Program (Fig. 1).
At hypersonic speeds, however, utilization of an air-data boom is not practical because of the extreme
aerodynamic heating environment which accompanies hypersonic flight. Consequently, a non-intrusive
method of measuring air-data parameters is required for a hypersonic flight test vehicle. The challenge of
obtaining air data on a hypersonic flight vehicle was first faced during the X-15 program. That vehicle
incorporated a spherical "ball-nose" flow direction sensor (ref. 9). This sensor used differential pressure
measurements from orifices located on opposite sides of a sphere at the vehicle's nose to drive a
hydraulic actuator which rotated the sphere so as to null the pressure differential. The resulting position
of the sphere relative to the vehicle centerline provided a direct indication of angles-of-attack and
-sideslip. The ball-nose also contained a stagnation-point pressure orifice. Although not used for the
purpose at the time, this pressure measurement could have been used for accurate determination of
freestream dynamic pressure.

For shuttle orbiter operational purposes, inertial measurement techniques are used to infer the air-
data parameters required for vehicle guidance, navigation, and control (GN&C) during hypersonic flight.
The inertially-derived parameters are sufficiently accurate to enable the GN&C system to guide the
vehicle to the vicinity of the landing site, where data from other sources (e.g., TACAN, beginning at
about 49 km altitude) provide updates to the vehicle state vector and enable the vehicle to be flown to a
precise landing. The inertially-derived air data parameters are not sufficiently accurate, however, for
research flight data analyses. Consequently, the OEX Program provided for the development and



implementation of both in-situ measurement systems, and post-flight data analysis methods, to enable
"research-quality" determination of vehicle freestream environmental and attitude information.

Shuttle Entry Air Data System (SEADS)

The Shuttle Entry Air Data System (refs. 10-12) was designed to provide "across-the-speed-range”
air data from approximately 90 km altitude, when the orbiter vehicle is traveling in excess of Mach 25,
through the supersonic, transonic, and subsonic portions of the entry, to landing. This system might be
viewed as conceptually similar to the X-15 "ball-nose"; however, its implementation approach was
substantially different from, and its air data parameter determination capability far exceeded, that of the
X-15 "ball-nose." The SEADS system comprised a specially-designed orbiter nose-cap, which
incorporated 14 pressure orifice assemblies through which the aerodynamic surface pressure could be
measured during entry (Fig. 2). Measurement of the magnitude and distribution of aerodynamic
pressure acting on the orbiter's nosecap in flight enabled accurate post-flight determination of vehicle
angles-of-attack and -sideslip, as well as freestream dynamic pressure.

The SEADS pressure orifices were arranged in a cruciform array (Fig. 2) with eight orifices in the
plane of symmetry and six orifices in the transverse plane. The symmetry-plane orifice array contributed
primarily to determination of stagnation point location and pressure, and vehicle angle-of-attack. The
transverse orifice array contributed primarily to determination of angle-of-sideslip. Each orifice
assembly was connected, through internal nosecap "plumbing," to two pressure transducers -- one with
a measurement range of 0-1 psia, and one with a measurement range of 0-20 psia. Dual-range
measurements at each orifice assured accurate determination of pressure level for the entire altitude
regime over which the system was designed to operate. Temperatures of the pressure transducer banks
(of which there were two) were measured in order to account for the temperature-dependence of
transducer calibrations. Analog-to-digital conversions of transducer output signals were performed by a
12-bit pulse-code-modulation (PCM) unit. The data were sampled at a rate of 28 hertz, and were
recorded on an OEX-dedicated flight data recorder.

The 14 nosecap orifices were augmented by six supplementary orifices located on the orbiter
forebody aft of the nosecap (Fig. 2). Four of these measurements were obtained at locations around the
periphery and just aft of the nosecap: two, located windward and leeward, on the plane of symmetry; and
one each located on either side of the fuselage. Two additional pressure orifices, located well aft of the
nose, one on either side of the fuselage, provided static pressure data which were of particular
importance for low supersonic and subsonic air data parameter determination.

Air data parameters were determined from the SEADS pressure data post-flight, by application of a
unique data processing algorithm. This algorithm incorporated a mathematical model of the pressure
distribution about the orbiter forebody as a function of an "aerodynamic state vector" which had elements
of total and static pressure, and angles-of-attack and -sideslip. The mathematical model was constructed
based upon a combination of theoretical considerations and the results of extensive wind tunnel tests.
The flight-observed pressures were smoothed, with respect to time, and then "fit" to the model pressures
using a digital batch filter process which optimized the "aerodynamic state vector" by minimizing, in a
weighted-least-squares sense, the differences between the flight-observed and model pressures. The
resulting "aerodynamic state vector," containing the basic air data information, was derived at an
effective data rate of four hertz.

The SEADS was installed in place of the baseline nosecap on the Orbiter Columbia during that
orbiter's modification period in 1984-85. The SEADS was subsequently operated successfully on five
Columbia missions: STS-61C, -28, -32, -35, and -40.
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Shuttle Upper-Atmosphere Mass Spectrometer (SUMS)

The Shuttle Upper Atmosphere Mass Spectrometer experiment (refs. 13 and 14) was intended to
supplement the SEADS by providing atmospheric density data at altitudes above 90 km. Just as SEADS
would provide flight environmental information in the continuum flow flight regime, the SUMS would
provide similar data to enable aerodynamic research in the transitional and free-molecular flow flight
regimes. At these extreme altitudes, aerodynamic surface pressures are too low to be accurately sensed
by conventional pressure transducers such as those used by the SEADS. The SUMS instrument,
instead, utilized a mass spectrometer, operating as a pressure-sensing device, to determine orbiter
stagnation-region surface pressure, and thence infer the atmospheric density in this high-altitude,
rarefied-flow flight regime.

The SUMS mass spectrometer was originally spare flight equipment developed for the Viking Mars
Lander. This mass spectrometer was modified to enable it to operate in the entry flight environment of
the shuttle orbiter. The SUMS sampled atmospheric gases through an orifice on the orbiter's lower
surface centerline, just aft of the orbiter nosecap; this orifice was shared with the SEADS experiment.
The mass spectrometer was connected to the gas-sampling orifice by a unique inlet system comprised of
tubing, operation control valves, and a pressure transducer. The SUMS instrument assembly was
mounted on the forward bulkhead of the orbiter's nose wheel well (Fig. 3), with the inlet system
connected to the orifice plumbing.

SUMS data were sampled at an effective rate of 0.2 hertz, and recorded on the OEX recorder for
post-flight processing. The processed SUMS data were combined with computational modeling of the
rarefied flow, within both the inlet system and the orbiter's forebody flowfield (ref. 15), to enable
determination of the freestream atmospheric density.

The SUMS was initially installed aboard the Orbiter Columbia following its 1984-85 modification
period. The experiment was subsequently flown on STS-61C. Unfortunately, a "protection” valve,
designed to prevent atmospheric-pressure gases from entering the mass spectrometer during ground
operations, failed to open as planned when the vehicle reached orbit, and remained stuck in the closed
position throughout the mission. Consequently, no freestream gases were able to reach the mass
spectrometer during entry and thus no science data were obtained on the STS-61C mission. The SUMS
was next flown on mission STS-35, during which the system operated properly, gathering data over the
altitude range from orbit to 87 km. Useful science data were obtained over the approximate altitude
range of 172-87 km. Science data for altitudes in excess of 172 km were masked by a "background"
signal which resulted from gas molecules trapped in the SEADS and SUMS pressure transducers
connected to the SUMS inlet system. The last flight of SUMS was on mission STS-40. On this
mission, the instrument experienced an automatic shutdown immediately upon experiment initiation. The
shutdown occurred (to protect the mass spectrometer from damage) when an excessive pressure level
was detected in the mass spectrometer. The excessive pressure was attributed to the vapor pressure of
water, which was present in the inlet system at launch. No science data were obtained on the STS-40
flight.

Best Estimate of Trajectory (BET)

In the absence of the SEADS and SUMS instruments to provide in-situ measurements of flight
environmental information, these data were determined through processes of "reconstruction” of both the
orbiter entry trajectory and the atmosphere at the time of entry, and correlation of these two data sets to
provide an analytically and physically consistent "best-estimate" of the entry flight environmental
parameters.

The trajectory reconstruction process (ref. 16) utilizes ground tracking data and onboard
measurements of orbiter inertial attitude, linear accelerations, and angular rates to determine the vehicle
inertial state vector (inertial position, velocity, and attitude) from near-orbital altitude to landing (Fig. 4).



Linear acceleration and angular rate information, derived from orbiter inertial measurement unit data, are
used to deterministically integrate the six-degree-of-freedom equations of motion in time, from a known
initial condition (shortly after the de-orbit burn) through orbiter landing, to define a first estimate of the
history of the inertial state vector. These inertial position and velocity estimates are then constrained to
fit, in a weighted least-squares of residuals sense, the observed position and velocity data measured by
the ground-based tracking. The result is a statistically-best estimate of the vehicle entry trajectory
(position, velocity, and attitude) in an inertial reference space.

Consideration of the rotation and oblate shape of the Earth allows the trajectory information to be
transformed into an Earth/atmosphere referenced system. The final product of the trajectory
reconstruction process is then a "best estimate" of the time-history of orbiter position (altitude above an
oblate spheroid, latitude, and longitude), and atmosphere-relative (no winds) velocity and attitude
(angles-of-attack and -sideslip), from near-orbital altitude to touchdown.

Definition of the state of the atmosphere through which the orbiter has flown is accomplished by a
process (ref. 17) which combines atmospheric modeling with direct measurements of atmospheric
profiles of pressure, temperature, density, and winds (Fig. 5). Atmospheric soundings made near the
time of entry provide the measured atmospheric profiles. However, the soundings are made at only a
few locations. These locations may not be along the orbiter's entry ground-track, and the time at which
the soundings are made may not correspond well with that of orbiter entry. Additionally, the soundings
only provide measured data to an altitude of approximately 90 km. Atmospheric data above 90 km are
estimated using upper atmospheric models to propagate the pressure, temperature, density, and winds
data to higher altitudes.

The measured and estimated data are then used to define freestream pressure, temperature, density,
and winds along the orbiter entry corridor. The reconstructed trajectory defines the time of day, and
corresponding latitude, longitude, and altitude of the orbiter's entry; atmospheric modeling is used to
define the time-of-day and latitude variations in atmospheric properties. The measured atmospheric data
are extrapolated to the orbiter entry corridor, in a manner which accounts for the time-of-day and latitude
differences between the orbiter entry and the atmospheric soundings.

The results of the trajectory and atmospheric reconstruction processes are melded together to
provide the "Best Estimate of Trajectory," which is an analytically- and physically-consistent definition
of the freestream flight environment (i.e., freestream pressure, temperature, and density, wind-relative
velocity, and angles-of-attack and -sideslip) from near-orbital altitude to landing.

Aerodynamic Force and Moment Data

Inertial Measurement Units (IMU)

The inertial measurement units are part of the orbiter's operational instrumentation system. The
triply-redundant IMUs comprise all-attitude, four-gimbal, inertially-stabilized platforms, upon which are
mounted two mutually-perpendicular linear accelerometers. In addition to the inertial acceleration data,
primary outputs of the IMUs are vehicle velocity and attitude in the inertial reference space. Angular rate
data may be inferred from the IMU attitude outputs.

Detailed descriptions of the IMU and other orbiter operational systems can be found in
reference 18.
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Aerodynamic Coefficient Identification Package (ACIP)

Although the orbiter's operational instrumentation system includes instruments which measure each
of the vehicle motion parameters required for in-flight aerodynamic coefficient determination, these
components were designed to meet only the operational requirements of vehicle guidance, navigation,
and control. The measurement resolution and the data sampling rates of these instruments are not
sufficient for accurate, research-quality determination of in-flight aerodynamic stability and control
characteristics. Consequently, the Aerodynamic Coefficient Identification Package experiment (refs. 19
and 20) was designed specifically to enable collection of vehicle motion information with the resolution
and data sampling rates required for accurate flight determination of orbiter acrodynamic characteristics.

The ACIP includes three-axis, orthogonal sets of linear accelerometers, angular accelerometers,
and rate gyros. The ACIP linear accelerometers operate over a measurement range of 3 g, with a
measurement resolution of 300 micro-g, which enables the ACIP to accurately measure vehicle motion
data at altitudes below approximately 80 km. Thus, the ACIP experiment obtains data which are
synergistic with that of the SEADS.

In addition to processing data from its own sensors, ACIP data handling electronics also process
control-surface-position sensor information for the orbiter's four elevons and rudder, as well as
operation data for a single aft RCS yaw thruster. These data are routed through the ACIP data handling
electronics to assure that they are recorded with proper time correlation, relative to the ACIP data, and at
data rates which are sufficient to enable post-flight estimation of vehicle stability and control
characteristics. ACIP data are digitized to 14-bit resolution, and recorded on the OEX recorder at a
sampling rate of 174 hertz, as compared to the 1-25 hertz sampling-rate range for similar operational
instrumentation data.

The ACIP is mounted on the orbiter keel (Fig. 6), in the wing carrythrough structure beneath the
payload bay, at a longitudinal position of approximately 76 percent of vehicle length. This location is
about 315 cm aft (10 percent of vehicle length), and 216 cm below the orbiter's entry center of gravity
(c.g.). Proximity to the center of gravity minimizes the significance of correction factors associated with
translation of the information for reference to the vehicle c.g. The ACIP is precisely aligned with respect
to the orbiter's body-axis coordinate system.

Two ACIP flight units were fabricated for use on the Orbiters Columbia and Challenger. An
ACIP has flown on every flight of these two vehicles.

High Resolution Accelerometer Package (HiRAP)

The High-Resolution Accelerometer Package experiment (refs. 21 and 22) comprises a three-axis,
orthogonal set of high-resolution linear accelerometers. The HiRAP instrument operates over a range of
8000 micro-g, with a measurement resolution of one micro-g, and data sampling rate of 174 hertz. The
measurement range of the HIiRAP enables it to sense aerodynamic forces acting on the orbiter from
approximately 80 km to near orbital altitudes. HiRAP data were intended to be obtained in conjunction
with SUMS freestream density data, enabling direct determination (based solely upon in situ
measurements) of the aerodynamic performance characteristics of the orbiter in the rarefied flow flight
regime.

The HiRAP (Fig. 7) is located beside the ACIP in the orbiter's wing carrythrough structure,
approximately 330 cm aft and 188 cm below the orbiter's c.g., and is precisely aligned with respect to
the orbiter's body-axis coordinate system.

As with ACIP, two HiRAP flight units were fabricated for flight on the Orbiters and Challenger.
A HiRAP unit was flown on eight missions of Challenger, beginning with its first flight (STS-6), and
four missions of Columbia beginning with STS-9. (See ref. 23.)



Orbital Acceleration Research Experiment (OARE)

The Orbital Acceleration Research Experiment (refs. 24 and 25) complements the ACIP and
HiRAP instruments by extending the altitude range over which vehicle aecrodynamic acceleration data
may be obtained to orbital altitudes. Like the HIRAP, the OARE instrument comprises a three-axis,
orthogonal set of extremely sensitive linear accelerometers. The OARE instrument can be operated over
three auto-selected, or pre-programmed, measurement ranges. The least-sensitive measurement range
envelopes that of the HIRAP instrument; the most-sensitive range (+150 micro-g) is almost two orders-
of-magnitude more sensitive than the HIRAP. On the most-sensitive range, the measurement resolution
of the OARE instrument is less than five nano-g. The operational range of the OARE is at such a low
acceleration level that the sensors cannot be accurately calibrated in the one-g ground environment.
Consequently, the instrument sensors are mounted, within the OARE, on a rotary calibration table which
enables an accurate calibration to be performed on orbit, in the absence of Earth's gravity.

The OARE instrument produces acceleration data at an effective data rate of 10 hertz. These raw
data may be recorded on an onboard tape recorder for post-flight processing and analysis. However,
because the OARE was intended to measure the low-frequency, aerodynamic accelerations over long
orbital time periods, the instrument has its own internal data processing and storage capability. The
internal data processing software, which may be modified from flight-to-flight, currently uses a trimmed-
mean filter algorithm to extract the "steady-state” acceleration signal. The processed data are then
recorded on an internal solid-state memory device at a sampling rate of 1/25 hertz.

Unlike other OEX experiments, the OARE is carried as orbiter payload. Itis mounted at the
bottom of the payload bay envelope (Fig. 8) on a carrier plate attached to the orbiter's keel. This places
the instrument approximately 165 cm aft and 137 cm below the orbiter's entry center-of-gravity. It is,
of course, precisely aligned with respect to the orbiter's body axes.

On its first flight, on STS-40 in June 1991, the OARE experienced significant hardware anomalies
which limited the accuracy of the data collected. On STS-50, the OARE successfully obtained
measurements of aerodynamic drag on orbit. The OARE is currently manifested for reflight on STS-58
in the Summer of 1993.

Aerodynamic Surface Data

Development Flight Instrumentation (DFT)

During the Orbital Flight Test missions (STS-1 thru -5), the Orbiter Columbia was equipped with a
large complement of diagnostic instrumentation which was referred to as the Development Flight
Instrumentation. DFI measurements were intended to provide the requisite data for postflight
certification of orbiter subsystems designs, prior to the start of orbiter operational missions. The DFI
system was comprised of over 4500 sensors, associated data handling electronics, and data recorder.

Included among the DFI, and of particular interest to aecrothermodynamic researchers, were
measurements of the orbiter's aerodynamic surface temperature at over 200 surface locations (Fig. 9).
These measurements were obtained using thermocouples mounted within the thermal protection system
(TPS) materials, in thermal contact with the TPS surface coatings (ref. 26). The DFI also included
temperature measurements in-depth, within the TPS materials, at some 19 locations, and along TPS tile
sidewalls within the gaps between tiles at 16 locations. Aerodynamic surface pressure measurements
were also made in numbers and distribution similar to the surface temperature measurements.

The Development Flight Instrumentation was aboard Columbia on missions STS-1 thru -5.

However, mission unique circumstances limited the amount of hypersonic entry temperature and
pressure data collected on these flights. On missions STS-1 and -4, failures of the onboard flight data
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recorder precluded collection of data when the orbiter was not in communications contact with a ground
telemetry station. Consequently, data from these flights are available only for flight conditions of
approximately Mach 12 and below. On STS-2, the pressure instrumentation was not "powered-up"
during entry. This was due to a constrained orbiter entry power budget on this mission, which resulted
from an in-flight failure of one of the orbiter's three fuel cells. Pressure data were obtained over the
complete entry trajectory only on missions STS-3 and -5; and temperature data were obtained over the
complete entry trajectory only on missions STS-2, -3, and -5.

The DFI-derived surface temperature data from STS-2, -3, and -5 have been processed to infer
aerodynamic heat-transfer rates, using the methodology described in reference 27. The resulting orbiter
flight heat-transfer data are contained in references 28-30.

Catalytic Surface Effects (CSE) Experiment

Early arc-jet testing of orbiter thermal protection materials indicated that the reaction cured glass
(RCG) coating of the TPS tiles was non-catalytic to the recombination of dissociated air (specifically
oxygen). Were this to be the case in flight, substantially reduced heat-transfer levels could be expected,
when compared to those which would be experienced if the surface were fully catalytic. Prior to the
advent of shuttle flights, however, this non-catalytic surface phenomenon had not been demonstrated to
occur in the flight environment. Consequently, the shuttle TPS design was predicated on the
conservative assumption that the gas chemistry at the TPS surface would be in chemical equilibrium.
The Catalytic Surface Effects experiment (refs. 31 and 32) was conceived to provide direct confirmation
of the non-catalytic nature of the TPS tile surface in flight, and provide information with which to
estimate, quantitatively, the catalytic efficiency of the RCG material. ‘

The CSE experiment would provide an "inverse" demonstration of the non-catalytic nature of the
baseline tile surface material. The implementation of this experiment involved coating selected orbiter
lower surface TPS tiles, which contained DFI surface temperature sensors, with a material which was
known (based upon arc-jet tests) to be highly catalytic to the recombination of dissociated air. By
comparing the flight-measured temperatures of the coated tiles and nearby baseline tiles, the relative
catalytic efficiency of the baseline tile coating material would be demonstrated.

CSE experiment data were obtained on missions STS-2, -3, and -5 (refs. 33 and 34). On STS-2,
two individual tiles on the lower surface centerline at 15- and 40-percent of vehicle length were coated
(Fig. 10). For STS-3, individual tiles at 30- and 40-percent of vehicle length were coated. On STS-5,
the catalytic coating was applied to individual tiles on the centerline at 10-, 15-, 20-, 30-, and 60-percent,
and continuously along a centerline strip from 35- to 40-percent, of vehicle length. Two additional tiles
located at 76- and 82-percent of vehicle length along the 60-percent semispan chord of the wing were
also coated.

Tile Gap Heating (TGH) Experiment

The Tile Gap Heating experiment (ref. 35) was intended to obtain entry flight data with which to
investigate the phenomenon of aerodynamic heating in the gaps between adjacent thermal protection
system tiles. The experiment hardware consisted of a carrier panel of tiles which was installed on the
orbiter's lower surface, near the centerline, at approximately 27-percent of vehicle length. This carrier
panel was bolted directly to the orbiter structure and carried eleven tiles. At three locations on the array, tiles
were instrumented with thermocouples in-depth, on the outer tile surface, and along the sidewalls of the
tile-to-tile gaps. Data from these thermocouples was recorded as part of the DFI system.

The experiment tiles were fabricated and installed with exacting specifications applied to the values
of tile edge radius and gap width. The experiment plan was to systematically vary these parameters over
multiple flights of the experiment panel to gain an understanding of the effects of these variables on tile



gap heating, and ultimately to determine optimum values of these parameters in order to minimize gap
heating.

The TGH experiment was only flown on the STS-2 mission. Results from that flight are reported
in reference 35.

Infrared Imagery of Shuttle (IRIS) Experiment

The objective of the Infrared Imagery of Shuttle experiment (refs. 36 and 37) was determination of
the temperature distribution over the orbiter's lower surface at a single entry flight condition, at greater
spatial resolution than would be achieved with the DFI measurements. This measurement was to be
made remotely by underflying the entering orbiter with the NASA Kuiper Airborne Observatory (KAO)
C-141 aircraft. An infrared image of the orbiter was to be obtained as it passed through the field-of-view
of the KAQO's astronomical telescope, which was equipped with two linear, focal-plane arrays of
infrared detectors.

The IRIS experiment was successful in obtaining a partial image of the orbiter on STS-3.
Unfortunately, the image was found to be severely spatially and thermally distorted, and efforts to
accurately resolve the image were unsuccessful. As a result of extensive image-data and experiment-
system analyses, the most-likely cause of the distortion was determined to be atmospheric density
gradients which existed in the open telescope cavity of the KAO aircraft. Consequently, it was
concluded that a spatially-resolvable image of the orbiter could not be attainable using this experimental
technique.

Shuttle Infrared Leeside Temperature Sensing (SILTS) Experiment

The Shuttle Infrared Leeside Temperature Sensing experiment (refs. 38 and 39) was designed to
obtain high-spatial-resolution temperature measurements of the leeside (wing and fuselage) of the orbiter
during entry. These measurements were obtained by means of an imaging, infrared radiometer (camera)
located in a unique experiment pod atop the vertical tail of the Orbiter Columbia (Fig. 11). The SILTS
camera contained a single infrared detector element and dual, rotating scanning-prisms (one horizontal
and one vertical), which enabled the detector to scan the field-of-view, producing two-dimensional
imagery. The experiment could be configured to view the orbiter leeside surfaces through either of two
infrared-transparent windows: one of which enabled viewing of the left wing, the other enabled viewing
of the fuselage.

The SILTS experiment pod also contained a data and control electronics module, and a pressurized
nitrogen system. Window protection plugs protected the viewport windows during orbiter ground
handling, launch, and orbital operations. At experiment initiation, the window protection plugs were
ejected, allowing the camera to "see" the orbiter surfaces. The viewport windows were transpiration-
cooled, during experiment operation, by the injection of gaseous nitrogen over the external window
surfaces. Active cooling of the windows was required to prevent window temperatures from increasing
to levels at which the windows themselves would become radiators in the infrared, thus "fogging" the
data images.

On a normal mission, the SILTS experiment was initiated at the time the orbiter reached the "entry
interface" altitude of 122 km, and infrared imagery were collected throughout the hypersonic portion of
atmospheric entry. A data image was obtained approximately every 8.6 seconds during experiment
operation. SILTS data were recorded on the OEX flight data recorder.

The SILTS experiment was flown on five orbiter missions. Significant SILTS hardware anomalies

prevented useful data from being obtained on its first flight on STS-61C (ref. 40). Useful data were
obtained, however, on four subsequent flights. Flights of the SILTS experiment on STS-28 (ref. 41)
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and -32 provided temperature data for the orbiter's left wing throughout the hypersonic portion of entry.
The experiment was configured to view the leeside fuselage on the STS-35 and -40 missions. Unique
operational anomalies occurred on each of these flights (different for each flight) which limited the
quantity of data obtained (see ref. 42).

Aerothermal Instrumentation Package (AIP)

The Aerothermal Instrumentation Package comprised some 125 measurements of aerodynamic
surface temperature and pressure at discrete locations on the leeside of the orbiter's left wing, side and
upper fuselage, and vertical tail (Fig. 12). AIP temperature sensors provided in-situ measurements
which comprised both "ground-truth" and corollary information for the SILTS experiment. The AIP
pressure sensors were intended to provide data to support investigations of reaction control system jet
interactions with the aerodynamic flowfield.

All of the AIP sensors were originally elements of the Development Flight Instrumentation system.
They were reactivated through implementation of new orbiter wire harnesses which connected the
sensors to an AIP-unique data handling system. AIP temperature data were recorded at a sampling rate
of 5.3 hertz on the OEX flight data recorder.

The AIP obtained data throughout the hypersonic portion of atmospheric entry on shuttle missions
STS-28, -32, and -40. Only limited data (below about 73 km altitude) were obtained on STS-35 as a
result of a ground telemetry failure, which also affected the SILTS experiment. As with the DFI data,
the AIP temperature data have been processed to infer aerodynamic heat-transfer rates, using the
methodology of reference 27. The flight heat-transfer rate data are contained in references 43-45.

Vehicle Configuration Data

Orbiter control surface position data are measured and recorded in-flight by elements of the
orbiter's operational instrumentation system. As was discussed in the preceding section on the ACIP,
certain of these data are also processed, in parallel, by the ACIP data handling electronics. Operational
measurements of control surface positions are recorded at rates of 1-25 hertz.

Reaction control system thruster firing data are inferred by measurements of pressure in the jet
combustion chambers. These data are recorded at the rate of 25 hertz.

Vehicle mass, center-of-gravity, and moments of inertia are determined analytically by means of a
complex mass accounting system. Each orbiter was weighed to establish a baseline set of mass and
center-of-gravity information. A database of mass and location information is maintained for all
additional orbiter hardware, and other elements (e.g., payloads), which may be installed on, or removed
from, the orbiter vehicle during ground processing. In-flight, consumables are continually monitored.
Using this mass accounting system, a vehicle mass properties history is produced following each flight.

CONCLUDING REMARKS

The Orbiter Experiment (OEX) Program successfully utilized the shuttle orbiters Columbia and
Challenger to gather research-quality aerodynamic and aeroheating flight data during atmospheric entry
of these vehicles as an adjunct to their normal operational missions. OEX Program experiments were
unique among orbiter payloads, as the research instrumentation for these experiments was carried as
integral parts of the orbiter vehicle's structure, rather than being placed in the orbiter's payload bay as



mission cargo. Detailed descriptions of each of these experiments and their operational flight history are
contained in subsequent papers herein.

The data derived from the OEX experiments represent benchmark hypersonic flight results
heretofore unavailable for a lifting entry vehicle. These data are being used in a continual process of
validation of state-of-the-art methods, both experimental and computational, for simulating and/or
predicting the aerothermodynamic flight characteristics of advanced space transportation vehicles. The
validation and advancements of state-of-the-art design methodologies, made possible by the availability
of the OEX flight data, are also demonstrated in additional papers contained in this symposium-
proceedings document.
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Table I -- Aerothermodynamic Data Classes and Measurement Techniques

Measurement Technique
Data Class
Wind Tunnel Flight
Freestream Environment Facility Calibration Atmospheric Soundings
Definition
Total and/or Static Pressure and Air Data System
Termperature Measurements
Vehicle Attitude Specified and Controlled Air Data System
Inertial Data
Aerodynamic Forces and Force Balance Linear and Angular
Moments Acceleration and Rate
Measurements
Mass and Moments-of-Inertia
Tracking
Surface Conditions Direct Measurement Direct Measurement
Control Configuration Specified and Controlled Direct Measurement
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(a) Photograph. (b) Orifice location schematic.

Figure 2 -- SEADS installation on Orbiter Columbia.
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Figure 3 -- SUMS installation on Orbiter Columbia.
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Figure 4 -- Entry trajectory reconstruction.
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Figure 6 -- ACIP installation schematic.
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Figure 7 -- HIRAP flight unit.

Figure 8 -- OARE installed on Columbia for STS-40.
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Figure 9 -- DFI surface temperature-measurement locations.
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Figure 10 -- CSE experiment coated-tile locations.
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Figure 11 -- SILTS experiment system installation on Orbiter Columbia.

28



Figure 12 -- AIP surface-temperature-measurement locations.
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ORBITER EXPERIMENTS (OEX) PROGRAM/PROJECT MANAGEMENT
APPROACH AND EXPERIENCE

Robert L. Spann and Robert L. Giesecke
NASA Johnson Space Center
Houston, TX

A written version of this paper was not provided by the authors.
Copies of presentation materials used at the Symposium are presented herein.
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OEX Project Flow - From Concept To Applications

* Industry
* Scientists Aerospace
* Universities Industry
* NASA Workshops

{ Announcement

+ of Opportunity : Analysis

; Proposal

: Plan

Flight
Development/ —4 Integration J

Fabrication

OEX Approach

* Experiments "born" through NASA Office of Aeronautics and
Space Technology (OAST)

* Sponsored by Principal Technologists at NASA Centers

* Designated OEX because of appropriate Orbiter test bed

* Program managed out of OAST

* Project integrated through Office of Space Transportation Systems (OSTS)

* Integration project management at JSC (systems integration,
mission integration plans-schedules, budget)

* Rockwell International integration contractor

* Project integration support - Lockheed Engineering & Sciences Co.



Implementation

* Experiment components developed at the Research Centers or at JSC,
and delivered as GFE for vehicle integration

* Experiment components developed at the Contractor as Mission Kits or
Mod Kits

* Experiments manifested through Orbiter Level-IlI/NSTS Level-Il change process

* Experiment integration engineering and installation by Orbiter contractor at
Palmdale or at KSC

* Experiments design and certified to Orbiter requirements and specifications
(e.g., vs. payload)

* Principal Technologists responsible for experiment definition, requirements,
performance, data reduction, experiment results, data base development and
science aspects

* JSC responsible for installation, integration, flight data systems, maintenance, and
post-flight data processing

OEX Program Functional Organization

Space OAST OSF
Technology
Steering Space Shuttle Shuttle Program
Committee Technology [*==7 """ Director's Office
Sponsofing e e ees e e .o - Payloads Office I
Center JSC
OEX
Office T OAS,T Program Office of the
echnical Director
of the Divisions
Director
OAST
Experiment
Evaluation
Committees JSC
Sponsoring ’
Center Space Shuttle
JSC Program Office
Experiment
Development OEX ~ |====== " Space Shuttle
Project Office Project Office Orbiter Project Office
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Program Hierarchy

Management Management Authority
Level
NASA Headquarters
Level |
Program Manager
Johnson Space Center
Level Il
Project Manager
Johnson Space Center
Level llI
Experiment Project Manager
Johnson Space Center
Sponsoring Centers
Level IV
Experiment Development Manager
OEX Data Manager
Director
JSC
AA
|
Director
R&E
AE
|
1 1
Director ;
. Director
Space & Life Engineering
Sciences EA
SA
1 1 1
Orbit Cargo Integ. Flight Projects
Engineering Office Engineering
Office Office
EK ER EX
| | | 1 | 1
CSD TCDD SAID ASD PPD STD SED
EC EE EF EH EP ES ET




Flight Projects
Engineering Office EX
Manager

W. Huffstetler

Project Development
Office EX 2

Project Implementation
Office EX 3
C. LeBlanc, Chief
D. Smith, Deputy

Project Mission
Office EX 4

v
v

OEX Project
Office
R. Spann
R. Giesecke J. Chandler
M. Hendrix W. LeCroix
J. Melugin R. Richard
E. Tiedt M. Richardson
J. Woodfill R. Walter
OEX Projects Office Engineering
Project Manager Directorate
FTIIIeees N R. Spann = Business
| Shutle | Management
Y J. Redd
r------------ﬂ
" Orbter + % sTS Rockwell | {Program Control
Projects : \ Program Office : Project Manager Lockheed
Office } i L.Nicholson : C. Statham :
D.Germany: : H.Lampert | |Engineering Manager Project Support
-------------- ' L. Williams 1 L. Updegraff | (Lockheed)
i R. Close
............... :- T, - : S. Potter
Ground | ! Mission Operators: Prou;/clzt Integration | |
Support 1 w1 Dwvision 1 | ZEROSTR
Equipment =] | H. Mitchell ge separate charts Maintenance
\.E.Baca 1w = and Operations
TURSETTY 1 ) Safety, Reliability } Data Management || [P Giesecke
Overations | ™" and E R. Giesecke
B pP ; , 1 | Quality Assurance: KSC Planning
-Feterson #=% 1 C.Katsikas ! —{  G. Smith
J. Miller ' D.Jackson ! Support Systems S. Potter
‘-M:‘Q.Z?.t??.n.-l E D. Duston : D. Smith -
““““““““““““ R. Giesecke
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OEX Experiments S T——
rogram Technologists
Program Mangger 4 0 A D T N S N N A NN N N AN RN OSSN NS BN NN NS BN BN BS B AR N SR S. Vennerni
D. Gualdoni R. Graves
L. Holcomb
Project Manager 1
,R Spanng ------: 1
Project Integration Experiment A
Principal
. Manager mmmmns Development |mmmms ;
Experiment (SO Manager Technologist(s)
Name
CSE R.Richard  A. Covington (ARC) D. Stewart (ARC)
TGHE R. Richard A. Covington (ARC) W. Pitts (ARC)
ACI - P Giesecke: (S " R:Barton?(ACIP) (JSC) .~

o R BIanchard(HIRAP)’Q:aHC)‘i

W. Watson (LaRC) E. Zoby (LaRC)

R. Dail (LaRC) D. Throckmorton (LaRC)
R. Duckett (LaRC) R. Blanchard (LaRC)

R. Duckett (LaFlC)

R. Giesecke (JSC)

R. Giesecke D. Throckmorton (LaRC)
RAPE. .+ o coiiimss SIS ECheversUsO) . Ekuiek(sC) .,
OARE M. Hendrix M. Hendrix (JSC) R. Blanchard (LaRC)
ACTPS T T RRichard” - ACovington(ARG)  D.Leiser(ARC)
OASIS E. Tiedt E. Tiedt (JSC) J. Knight (USAF)

OEX Management Points-of-Contract

* NASA Hgs.
*JSC
*LaRC
*KSC

* ARC

* GSFC

*RI

* DFRC
*KSC

Dick Gualdoni (RX)

Bob Spann (EX3)

Dave Throckmorton (366)

Lynn Barnett (SO-MSO-B) (OFF-LINE)
Al Covington (234-1)

Bill Bangs (302.0)

Walt Bunge (AE83)

Jack Kolf (OS)

Bob Petersen (SE-PEQO) (ON-LINE)



OEX Program
Plan

OEX Project
Plan

Annex -1

Annex - 1 - OEX CCP Management Plan
2 - OEX Procedures Document
3 - OEX Project Data Management Plan
4 - QA Plan ‘
5 - OEX Reliability Support Plan [ 10
6 - OEX Safety Guidelines
7 - OEX M&O Plan
8 - OEX Launch Site Support Plan
9 - OEX Documentation Formats

10 - OEX Acronyms & Abbreviations

Orbiter Project Office/OEX Integration Plan

OEX Project Support Functions

* Provide overall management of the OEX Project integration tasks
* Provide individual project and technical management

* Provide program control functions

* Provide overall project integration and support activities

* Provide project documentation as required

* Provide proposal evaluation feasibility/compatibility assessments
and make recommendations

* Develop hardware necessary for integration

* Provide data management services

* Develop data management and experiment support systems
* Provide maintenance and operations support

* Control cost and schedule within program constraints

* Define tasks, analyses, studies, etc., required to assure orbiter integrity and
experiment success

* Design, develop and fabricate unique experiment components (tail pod,
nose cone, electronics, etc.)
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OEX Experiments and Support Equipment

Project Support Scope
Phase |
* ACIP (Aerodynamic Coefficient Identification Package) JSC
* HiIRAP (High Resolution Accelerometer Package) LaRC
*CSE (Catalytic Surface Effects) ARC
* TGHE (Tile Gap Heating Effects) ARC
* AAPE (Advanced Auto Pilot) JSC
* SILTS (Shuttle Infrared Leeside Temperature Sensing) LaRC
* SUMS (Shuttle Upper Atmosphere Mass Spectrometer) LARC
* SEADS (Shuttle Entry Data System) LaRC
*SSO (Support System for OEX) JSC
* FFSSO (Forward Fuselage Support System for OEX) JSC
*GSO (Ground Support Station for OEX) JSC
* OASIS (OEX Autonomous Supporting Instrumentation System) JSC
Phase Il
* AlIP (Aerothermal Instrumentation Package) LaRC
* ACTPS (Advanced Ceramic Thermal Protection System) ARC
* AFRSI Inspection Program ARC
* Plume Survey Experiment (Study) LaRC
* OARE (Orbital Acceleration Research Experiment) LaRC
* Laser Photodiagnostics (Study) ARC
OV-102 OEX Configuration
Definitions:

SILTS

CSE - Catalytic Surface Effects Experiment
FFSSO - Forward Fuselage Support System for OEX
RMDU - Remote Multiplexer/ Demultiplexer Unit
SEADS - Shuttle Entry Air Data System

SSO - Support System for OEX

TGHE - Tile Gap Heating Experiment

AIP RMDU

Control Panel

FFSSO
SSO
(PCM S2)
\— AIP Transducers
SEADS ACIP/HIRAP SSO

(PCM MU + PCM S1)

SSO Volume D
SCM + Recorder)



M&O (Maintenance And Operations)

* Objective
* To provide engineering support to complete development, test,
modification, repair, calibration and data analysis as required
for the Orbiter Experiments

* Purpose
* To establish and maintain flight readiness of Orbiter Experiments

* Approach
* Establish engineering group at JSC to provide required training, expertise and
facility support. The Systems Engineering Branch under the Experiments and
Operations Support Division is responsible for this support.

Data Management

* Objective
* To provide the Principal Technologists and the rest of the scientific community

with raw and processed OEX experiment data and to provide a data bank
to the users for future reference

* Purpose

* To provide the PT'S and the scientific community with usable and efficient data
to support evaluation of the OEX Program experiments

* Approach
* All OEX experiment specific data and data products are generated within EOSD
as specified in the OEX Data Requirements Documents and the OEX Project Data
Management Plan. EOSD will be the conduit for providing other supporting data

(OI/DFI/TFI/ETC) to the OEX program supporters within the latitudes provided
in the Shuttle Data Plan.
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Data Management

Vehicle
Sensor
Data

SSO

JSC
Central Dati Users
Computing Ban
Users

OEX Return-To-Flight Activities

* Heavy concentrated effort by core personnel
* Recertify all OEX hardware to requirements resulting from STS 51-L
» Complete corrective actions to OEX anomalies from STS 61-C

* Refurbish, upgrade, and test flight hardware, software, GSE, and facilities
after long standby period

* Revise, correct, and create critical documentation (e.g., FMEA, CIL, SAR,
HR, CR, CAR, OMRSD, OMI, Design Requirements Review Document,
DRR waivers, SPEC requirements, etc.)

* Prepare presentations and documents for submittal to various stages of
review and approval at Level Il and Il Pre-Boards and Change Boards at

the Safety Review Panel



OEX Return-To-Flight

Integration
Hazards System
Integration [
Review Board
Review Reformat JSC Safety Publish Level N
Hazard Analyses |—s={ Review Updated cCB Level I
(JSCS1 6991) NS3 Safety ™1 PRCB
Tape Office Reports Non-Integration
Recorder Review (SARS) Hazards
Mission System
Operations Safety
Directorate Review
Review Panel
(Accepted
Hazard Risks)
Prioritization
OEX Return-To-Flight
Develop 2 Compare to % DRR Board
Noncritical OEX New NSTS Approval
Requirement 07700,
Review Volumes IV
Documents and X
DRR Board
Approval

Compare to
New NSTS
07700,
Volumes IV

Review
Orbiter

Assemble
Inventory
OEX Proje:
Fil

Level li
PRCB

Level 11 1/2
PRCB

V.
Review/ & —
Reformat A Signature eve
Reliability
Review / Cycle / ccs
NASA § /
Reliability S'g’;‘;‘:}:’e Level
Review / CCl
2
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OEX Experience

1. Initial assumptions:

* Initially the OEX concept provided an unprecedented opportunity for the
highest order of aeronautical research

* Utilize “ready-made” orbiter testbed that was going to fly anyway
* Unlimited access to space

* Use unique orbiter flight regime to obtain benchmark data not
duplicated on the ground

* Data applications for improved future reusable winged reentry vehicles
* Future benefits of pure aeroscience data to be generated

e Caveat — during long term programs, times do change

2. Manifesting OEX as a part of Orbiter was judged to be an advantage vs
manifesting as a payload

* Common documentation and requirements — better understood by the
technical infrastructure

» Better control over development and integration of experiments
* Much help and economics provided by the Orbiter Projects organization
* Mutual benefits and more common objectives

» OEX equipment subject to the same standards and certification rigor as
Orbiter

3. Extreme importance was attached to establishing and maintaining a strong
and close relationship with the Orbiter Projects Office, the Space Shuttle
Program Office, KSC Operations, and the JSC technical and engineering
community to assure common goals



OEX Experience (Continued)

4. It was important to secure a common contractor for integration engineering
with the Orbiter

¢ Space Shuttle Program is documentation intensive
¢ Language must be common

¢ Reanalysis and recertification to a common baseline required for many
flights

5. In addition to a unique OEX contract with R.l., OEX also utilized the
Orbiter Projects contract with R.I. (NAS 9-14000, Schedules A, B, & E)

Great economies of scale were realized in the relations with Orbiter and
the Space Shuttle Program

* The tools and systems for management, manufacturing, engineering
and control were already in place

* Lower overhead — much OEX work was often included in on-going
Orbiter work

* Very efficient and astute OEX contractor management at R.1.
* Mutual benefits between Orbiter and OEX
* Space Shuttle Program covered costs of integration at KSC

« A disciplined vertical organizational structure was chosen for the OEX
Project

» Matched rigid requirements and standards demanded by the
manned spaceflight program

» Experiments became part of the Orbiter structure and aerodynamic
surfaces

« Could impose criticality one failure modes and hazards to the crew
and vehicle



OEX Experience (Continued)

6. It was very important that the basic OEX complement of experiments
be flown very early in the program — planned first 6 flights of the
Shuttle Program

¢ The value of the data was more vital then — but current events
overtook some of the original objectives

¢ Extended/delayed programs become very expensive

« The priorities and interests within the funding, supporting, and
participating organizations can change radically over the years

 Times change, the political climate changes, priorities change
» Extreme turnover of personnel (especially management) can cause

a loss of continuity — thus a strong, well thought out management
plan and organization are needed

7. Agreements within NASA for flight manifesting OEX hardware tended
to dissolve over time

e Lack of a hard agency agreement (no Form 100, etc.) with Code M
or Space Shuttle Program for flights

* Decisions based on personal beliefs and personality of current top
program management

» Priorities of the time were very volatile

¢ Success was hard to be had - only by the extreme persistence of
the project at the PRCB, time after time

8. There was substantial “growth” over the life cycle of the OEX program
that in today’s political environment may be unacceptable

» Extreme stretch-out due to unexpected Space Shuttle Program
programmatic changes that OEX could not control

e Aging instruments required more and more care

» Escalating contractor “rates” in out years due to inflation and loss of
work base
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11.

OEX Experience (Continued)

« Deferred installation and checkout of new installations at KSC, in a
climate where flight rates became a top priority — shorter turnaround
times than earlier in program

e The 2'2year delay due to the Challenger accident and waiting for a
major modification window

. OEX suffered priority lapses for earlier installation windows

e The experiments were classified as a set of DTO’s (Development Test
Obijectives)

¢ OEX not perceived as a customer (as opposed to payload customers)

e OEX work had a lower priority than the work of turning a vehicle
around during a mission flow at KSC

¢ OEX could be literally planned out of the KSC flow (serial time
syndrome was a killer)

¢ Changing top management — different strokes for different folks

The advent of OV-102 becoming a dedicated Spacelab vehicle was a
setback to OEX

e Conflicts for: adequate power, manifesting flow time, operational
time on orbit

« Conflicts with: timelines, crew activity, Orbiter performance

The choice of JSC to function as central Level Il Project Office was
appropriate

¢ Drew on considerable internal resources and Orbiter discipline
experts

« Credibility in dealing with the “system” and near the system for
manifesting

¢ Provided a non-biased customer oriented (NASA HQ & P.I’s) project
manifesting

e Strong will to succeed



OEX Experience (Continued)

12. Using a matrix of technical disciplines at JSC worked relatively well
e Good communication

» Good enthusiastic support from engineering and administrative
sectors

» Good support from technical counterparts at the contractors

13. The level of cooperation between the participating NASA centers,
other organizations, and contractor organizations was excellent

» Fully participative management style
e Good communications
» High level of camaraderie experienced

» Employment of many TQM principles (whether we knew it or not)

14. The relationship with NASA Headquarters was excellent
* Professional

» Reliable and good support during times of trouble

15. A good bottom line here is that a widely dispersed single project
infrastructure among several centers, even with diverse backgrounds,
can work well '

16. In the future, use a systems approach and process to development

17. A more centralized and systems-oriented management approach
adopted in the mid-course of OEX development

 Improved communications and control
* Improved consistency

* Lessened competition for the same resources — promoted cooperation



18.

19.

20.

21.

OEX Experience (Continued)

Have good project support and program/project control capability
resident within the project

Keep good records and files. Recommend a good information
management system these days

¢ Good tools available now

» Traceability of what you have done, especially in requirements,
is mandatory to recertify for future flights

* Return to flight activity after Challenger
* Installation and certification of new experiments

Create a good strong advocacy within NASA, with the science
community at the centers, with the contractors, and with your own
organization for long term programs, if you want to complete them

e QOur political system has a short term memory about commitments

» Otherwise you may find yourself standing alone, naked in the wind,
and at the wrong end of a shooting gallery in hard times

Don't ever give up. OEX was dead many times in the minds of many
of those we had to deal with, but with extreme perseverance,
overcame
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ABSTRACT

The Shuttle Entry Air Data System (SEADS) has successfully completed its flight test
program. SEADS is the implementation of a flush orifice air data system concept, a new
concept in air data systems developed at the Langley Research Center. The flush orifice
concept, which has application to a variety of flight vehicles, incorporates an array of
flush-mounted pressure orifices located in the nose and forward fuselage of the vehicle
and makes use of flowfield modeling for the analysis of flight measurements to
determine the desired air data parameters. Although the concept is fundamentally
simple, its implementation into the Space Shuttle Orbiter as an across-the-speed-range
air data system required the development of new technologies in both the system's
hardware and in data analysis techniques.

The development and certification of the SEADS were accomplished through an
extensive series of essential wind tunnel and arc jet tests, computer simulations, and
aircraft flight tests. However, the concept's full performance capability could not be
assessed until after flight data could be evaluated. Consequently, analyses of the
SEADS flight data, obtained on Shuttle Orbiter Columbia flights STS-61C, 28, 32, 35, and
40, were used to show that the experiment met, and exceeded, all of its performance
requirements, and that the concept is capable of furnishing real-time air data over a
broad spectrum of flight regimes.

*Aerospace Engineer, Special Assistant, Space Systems Division.
**Senior Programmer/ Analyst.
***Senior Scientist.
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BET
CRES
DFI
HRSI
IMU
MSC
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OML
ov
psia
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SEADS
STS
SUMS

NOMENCLATURE

flow field correction coefficients
Coefficient of Pressure

Degrees Fahrenheit

altitude

Mach number

pressure, static

total pressure behind a normal shock

dynamic pressure
pressure ratio [Pi/ Ptz]

orbiter geometric coordinates
aerodynamic state vector

angle of attack

angle of sideslip

ratio of specific heats

orifice clock angle

orifice cone angle

orifice normal flow incidence angle

estimated value
freestream value
Referenced to orifice i
total condition

flight condition

Best Estimate of Trajectory
Corrosion Resistant Steel
Development Flight Instrumentation
High Density Reusable Surface Insulation
Inertial Measurement Unit
Master Sequencer and Controller
Operational Air Data System
Outer Mold Line

Orbiter Vehicle

pounds/square inch absolute
Reinforced Carbon-Carbon
Reaction Control System

Shuttle Entry Air Data System
Space Transportation System

Shuttle Upper-Atmosphere Mass Spectrometer



INTRODUCTION

Analyses of the air data derived from multiple flights of the Shuttle Entry Air
Data System (SEADS) have demonstrated that the SEADS experimental air data system
provided research quality data. In addition, they verified the across-the-speed-range
capabilities of the flush orifice air data system concept. Previously, conventional air
data systems, based on the pitot-static tube concept, have been used--almost
universally--on flight vehicles operating in a continuum atmosphere. Also, when flow
direction angles were required in addition to air speed, Mach number, and pressure
altitude, these angles were typically obtained from either flow direction vanes or
differential pressure sensors. These conventional systems have been adapted for use on
a wide variety of flight vehicles operating in low speed flight. However, such
conventional air data concepts cannot be adapted to entry and hypersonic flight
vehicles due to the associated harsh thermal environment. This environment, which
characteristically forces flight vehicles to have blunt body contours, with large radii of
curvature, to minimize the stagnation-point heat-transfer rate, also prohibits the use of
conventional air data sensing vanes or probes having small radii of curvature or
exposed sharp edges.

This thermal constraint on air data system design was encountered early in the X-15
program, and resolved through the development of the "ball nose" air data sensor,
(Refs. 1-4). For flight tests at Mach numbers less than 3, the X-15 utilized a conventional
pitot-static tube, mounted on a boom and augmented by angle-of-attack (o) and angle-
of-sideslip (B) flow sensing vanes. For flight tests at Mach numbers in excess of three,
the conventional nose boom was replaced by the "ball nose" sensor. This sensor was
spherical in shape and partially housed in a truncated cone at the forward fuselage
station. A hydraulic servo-mechanism rotated the sphere to maintain a zero pressure
differential between pairs of symmetrically situated (vertical and lateral) flush orifices.
Thus, the sphere was positioned, in flight, in such a manner that the center orifice
sensed total pressure and the orthogonal rotation angles of the "ball nose" corresponded
to the aerodynamic flow or attitude angles. The flow field's static pressure was derived
from pressure measurements obtained at fuselage "static" orifices which, in turn, were
used in conjunction with the orifices in the "ball nose."

The reentry flight envelope for the Space Shuttle Orbiter had a range in Mach
number from 0.3 to 27, a range of angle of attack from 6° to 45°, and maximum nose
stagnation temperatures of approximately 2,660F. These conditions posed air data
system sensing problems which were unique and challenging.

Existing air data systems, being unable to meet such rigorous operational
requirements, forced a compromise solution for the Space Shuttle Orbiter. In the
supersonic and subsonic flight regimes, during the final minutes of descent, the orbiter
relied on air data provided by two conventional, fuselage-mounted, differential
pressure probes which were deployed at a Mach number of 3.5. During the
approximate 25 minutes of hypersonic flight, prior to probe deployment, air data
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parameters are estimated from the inertially derived navigation state. This situation is
less than ideal, however, since the navigation-derived air data parameters are
contaminated. Errors are introduced as a result of a dependency on imprecisely known
aerodynamic coefficients, the necessary assumption of zero winds, and the ever present
inherent navigation state errors. It is worth noting that even a temporary failure of the
navigation solution could jeopardize the vehicle's controllability. Hence, special
measures had to be taken to avoid any "violent maneuvers" during the transition of
passing from one sensing system to another.

The Shuttle Entry Air Data System (SEADS), developed at the NASA Langley
Research Center, was an experimental system designed to provide research quality air
data, across the speed range encountered by the orbiter, at altitudes below 280,000 ft.
The system also demonstrated the utility of this concept to provide operational air data.
The first of these objectives supported the National Aeronautics and Space
Administration's Orbiter Experiments (OEX) Program (Refs. 5-8), especially in the
accomplishment of entry technology related flight research. The latter was to provide a
demonstration of the advanced flight system technology needed for future flight air
data systems.

SEADS is based on the idea that the forward section of the fuselage, even though it is
asymmetrical, can be instrumented to function both as a pitot-static probe, and as a
differential-pressure flow direction sensor (Refs. 9,10). Like the X-15 "ball nose" scheme,
SEADS is a flush mounted pressure orifice sensing system. Unlike the X-15 ball nose,
SEADS requires no electro-mechanical devices for its operation.

As a hardware system SEADS consists of 20 flush orifices, each connected to a pair
of absolute pressure transducers. Of these 20 there were 14 primary orifices arranged to
form a cruciform array (8 in the orbiter's vertical plane of symmetry and 3
symmetrically located lateral pairs) located in the orbiter's nose cap. In addition, there
were six supplementary orifices, located in the orbiter's forward fuselage section aft of
the nose cap (Fig. 1). Even though the SEADS concept is basically a simple sensor
system, its implementation in the Space Shuttle Orbiter required the development of
new technologies both in system hardware and in data analysis techniques.

The SEADS experiment successfully flew on Orbiter OV-102/Columbia during
missions STS-61C, 28, 32, 35, and 40 and provided research-quality, entry-air-data at
speeds ranging from Mach 27 (at an altitude of 280,000-ft.) to near zero speed at
landing.

It should be mentioned that the OEX/SEADS experiment was also operational
during lift-off and ascent, and that pressure data were obtained during this phase of the
flights. Even though it was not done as part of the SEADS experiment, it is believed
that accurate air data could be derived following the development of properly
calibrated pressure models for the various launch/ascent configurations. (Preliminary
work has been done by Woeste, Ref. 11.) The present authors believe that more analysis



and testing will be required before an acceptable pressure model can be developed and
air data can be obtained.

PURPOSE

The purpose of this paper is to provide an overview of the SEADS concept and
configuration, to verify the performance of the flight hardware, and to assess the quality
of the in-situ measurements and the derived air data. The data assessment has been
made by comparing the SEADS flight results with those obtained from other sources,
such as the data developed through the pre-flight wind tunnel test program, Refs. 12-18,
and the post-flight Best Estimate Trajectory (BET) (Refs. 19-21). Also presented is a brief
evaluation of the implications which these results would have on the concept's
application to advanced vehicle configurations, as a source of real time air data.

EXPERIMENT DESCRIPTION

The SEADS experiment objectives, its flight hardware definition and development,
the data reduction and analysis techniques, and results from early flight data analyses
are described in specific detail in a series of earlier reports (Refs. 22-33). SEADS was
developed within the OEX Program, a program which was defined to accomplish a
broad spectrum of entry research on the Shuttle during ascent and descent. The
measured pressure data and the derived air data from SEADS support the technology
based aerodynamic and aerothermodynamic research conducted by OEX. Also, these
data demonstrate the utility of the flush orifice air data system concept.

SEADS FLIGHT CONFIGURATION

The SEADS experiment, which is shown schematically in Fig. 1, consists of 20 flush-
mounted pressure orifices. The 14 primary orifices are located in the SEADS baseline
Orbiter geometry reinforced carbon-carbon (RCC) nosecap. Eight of the orifices are in
the plane of symmetry; the remaining six are arranged as three symmetrical lateral
pairs. Lastly, there are six supplementary orifices located on the orbiter's forward
fuselage.

The above description defines the nominal configuration which flew on flights
STS-61C, 35, and 40. On the remaining missions (STS-28 and 35) orifice 18 was not
available due to the installation of an uninstrumented RCC chin panel. On STS-40
orifice 18 was available; however, the SEADS transducers were disconnected and the
replacement low pressure transducer located within the Shuttle Upper-Atmosphere
Mass Spectrometer (SUMS) experiment failed to perform. The consequences due to the
loss of orifice 18 will be discussed in a later section: Flight Results; Air Data. The
location of each of the SEADS orifices is presented in Table I, expressed in orbiter X,Y,Z.
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The SEADS nose cap assembly, as installed on the Orbiter Columbia, is shown in
Fig. 2. An aft view and a cross-sectional schematic of the nose cap assembly, showing
the 28 bulkhead mounted transducers and connecting corrosion resistant steel (CRES)
tubing and the other interior components door are presented in Fig. 3 and Fig. 4,
respectively.

Each of the 14 nose cap orifice penetration assemblies (Fig. 5) is connected, via a
structurally tuned silicide coated columbium tube and 1 of 2 drilled and insulated
aluminum support structures and CRES tubing, to a pair of absolute pressure
transducers (one 0-1 psia and one 0-20 psia in range) mounted on the aft side of the nose
cap bulkhead. This installation, which is described in detail in Ref. 23, is shown
schematically in Fig. 4.

The forward fuselage orifices penetrate the orbiter's thermal protection system (TPS)
tiles, via a quartz tube connected to a heat sink, and transmit pressures through CRES
tubing to similar pairs of transducers. This instrumentation was developed as a part of
the orbiter's development flight instrumentation (DFI) package and incorporated into
the SEADS experiment.

The hardware design of SEADS was predicated on the anticipated harsh entry flight
environment and on the requirement that SEADS would not compromise the
multimission performance capabilities of the nose cap, nor adversely affect crew safety.
Further design restraints were imposed by the coated RCC nose cap material itself and
its thermal and mechanical properties, as well as vehicle step and gap criteria.

Thermally, a nominal entry trajectory can produce nose cap stagnation region
temperatures up to 2,660F, with internal nose cap temperatures reaching 2,450F. In
order to ensure a multimission capability at these temperatures the carbon-carbon
material was coated with silicon carbide to minimize oxidation. Since the nose cap's
manufacturing and coating processes do not allow for the drilling of small holes as
required for the pressure orifices, it was necessary to develop a nose cap orifice
penetration assembly. The resulting design is shown schematically in Fig. 5. This
silicide coated columbium assembly was designed to accommodate a pressure orifice.
The assemblies were developed to be thermally and mechanically compatible with the
RCC nose cap material as well as the expected entry environment and to provide the
needed interface between the aerodynamic surface and the remaining system's
hardware. The development and flight certification of this assembly were the most
critical elements in the SEADS hardware design, development, and test activities. The
details of this development can be found in Refs. 22-25.

For completeness, it should be mentioned that the SEADS included six radiometers
mounted on the nose cap's access hatch door. These radiometers were intended to
provide a thermal distribution map for the nose cap's inner surface. They did not,
however, provide useful data. Finally, due to the temperature and applied voltage
sensitivities of the pressure transducers, diagnostic engineering instrumentation was



used to monitor the transducer and support structure temperatures, and the voltage
applied to the transducers. The data from these sensors are required as part of the
transducer calibration and data reduction procedures, as indicated in Ref. 26.

SEADS PRESSURE MODEL/DATA ANALYSIS TECHNIQUE

The SEADS air data determination analysis technique is based on a modified form of
Newton's impact pressure model (Ref. 27) and symbolically represented by the
equation:

Cpi = CpyCos26;. 1)

This expression shows the pressure coefficient for any with orifice, CPj, on a blunt body
to be a function of the stagnation pressure coefficient, Capstan, and the cosine of the
local flow incidence angle, 8. For the SEADS application (Refs. 9, 10) this expression is
rewritten, to model the pressure at any ith orifice, as:

P; = (Pty - Poo)C0326j + Poo. : )

The data analysis technique (Refs. 9, 10, 28, and 29) incorporates this Modified
Newtonian pressure prediction model with solver algorithms to mathematically model
the pressure field over the vehicle's forebody as a function of an "aerodynamic state
vector." This "aerodynamic state vector" is composed of independent air data
parameters and orifice position variables. The solver algorithms are based on an
adaption of filter theory. Air data are iteratively obtained through the minimization of
the sum of the squares of the weighted residuals of the "aerodynamic state vector"
parameters. Other desired air data quantities, such as free stream dynamic pressure,
qoo, are subsequently derived from the "aerodynamic state vector." For SEADS
applications, the "aerodynamic state vector," X, consists of four independent air data
parameters, i.e.,

P¢

P
X = (3)
o

B

thus, the predicted pressure at any orifice "i" can be symbolically expressed as:

Pi=F(X;mi &) (4)
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where X is the state vector and n; and ; are orifice location variables.

The use of Newtonian theory, as the basis for an across-the-speed-range pressure
model, was recognized to have inherent limitations, particularly at low speeds.
However, the simplicity of this theory and the derived pressure model provided the
most economical and convenient technique for local pressure estimations. To extend
the model's range of applicability and to increase its accuracy it was modified
empirically through the development of "flow field correction coefficients" C1, C2, and C3.
The C1 coefficient corrects for the observed bias between predicted results and the
experimentally determined angles-of-attack, a. The C2 and C3 coefficients correct for
the observed non-linearities in measured and predicted attitude angles, o and B, and the
pressure ratio, R = Pi/Pt2, respectively. Initially, these coefficients were obtained by
comparing wind tunnel test data (Refs. 14-18, 28) to the Newtonian predictions.
Subsequently, these quantities were modified by means of similar comparisons with
flight data (Refs. 29 and 30). The initial and the final "flow field correction coefficients" are
presented as a function of YR in Fig. 6. Also shown are the individual wind tunnel data
points incorporated. Each data point represents the results of a linear regression
analysis of all of the wind tunnel data for the specific Mach number. The derivation of
the final coefficients is discussed in Flight Results: Air Data.

FLIGHT RESULTS

The success of the SEADS experiment required that the system (hardware and
software) provide consistent research quality air data and that the hardware
demonstrate a multimission capability. The primary data used to verify the
accomplishment of the first objective are found in the consistent comparisons between
flight and wind tunnel pressure measurements (Refs. 31, 32, 33, 35). The verification of
the first objective, per se, is found in the agreement between the air data derived by the
SEADS algorithm and that developed in the Best Estimated Trajectory (BET).

To verify the hardware's multimission capability, detailed post mission inspections
of the RCC, the primary columbium components, and the deposited material were
conducted. Additionally, comparisons were made between the findings from these
inspections and the results from preflight thermal tests and evaluations. Also pre- and
post-flight pressure tests of the pressure measurement assemblies were conducted to
ascertain the system's integrity.



Hardware

The major concern in the design and development of SEADS and therefore the
evaluation of the hardware's performance was the columbium pressure port assembly,
its connecting tubing, and the effects that pressure ports had on the nose cap and its
multimission capability. The results of the hardware performance verification process
demonstrated that the nose cap and the SEADS hardware were in excellent postflight
condition, and that the SEADS particular hardware had: (1) performed per design
specifications; (2) demonstrated a multimission capability; and (3) had no adverse effect
on the RCC nose cap. The SEADS nose cap assembly is shown pre- and post-mission
(after all five flights) in Fig. 7. A high resolution closeup of the surface of pressure port
number 7, pre- and post mission, is shown in Fig. 8. Port 7 is nominally at the
stagnation point during high altitude hypersonic flight and experiences the most severe
heating. An interior view of the nose cap, providing an aft-view of several of the
penetration assemblies, tubing, and some of the nose cap internal insulation, pre- and
post-mission, is presented in Fig. 9.

The general RCC nose cap discoloration and/or glazing, seen on both the external
and internal surfaces, is typical of the conditions seen on the nose caps of other orbiters
and/or on RCC components during thermal tests. These effects are a consequence of
the high-temperature external flows, the associated normal "thermal curing" of the RCC
coatings and the Type A sealant, and the outgassing from the interior insulation. The
dark streaks associated with the nose cap penetrations, which provide an unexpected
visualization of the flow patterns, are a result of the flow disturbance caused by the
penetration and the resulting effects on the RCC curing process. The appearance of the
nose cap's components represents no cause for concern and shows no adverse effects on
mission life capability (Ref. 36).

The discoloration and appearance of the penetration assemblies (pressure ports) is
typical of that experienced during the SEADS development and certification arc jet test
programs (Refs. 22-25). The white deposits emanating from several of the ports,
especially port 5, are the result of the induced high temperature flowing of excess Type
A sealant--a sealant applied to the RCC/silicon carbide coating to reduce oxidation and
sub-surface mass loss. This material was also used, in the case of SEADS, to meet a
prescribed OML smoothness criterion between the penetration assembles and the nose
cap. A closer examination of ports 5 and 11 (Fig. 10) showed deposits with a yellow
hue, indicating the presence of columbium pentoxide and a possible failure of the
penetration assembly's silicide coating. Further examination of these ports and the
associated deposits, employing photomicrographic techniques and chemical analyses,
showed that while there was coating failure and some columbium mass loss, the
structural integrity of the ports had not been compromised and further mission life
could be expected (Ref. 36).

Although some minor thermal scorching was noted on the nose cap's interior
insulation, due to internal cross flows notably on the starboard support post, all
components operated within the thermal design margins. (This was determined by the
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diagnostic engineering thermal measurements discussed previously.) A detailed
mission by mission assessment of the hardware performance is presented in
Refs. 41-45.

Pressure Data

The pressure data used to evaluate the performance of the pressure measurement
system concerned all 20 SEADS pressure ports, and their associated 40 transduces, from
all 5 flights. These data were obtained at a data rate of 28 Hz and digitized by a 12-bit
system for recording purposes. Postflight analyses of these data indicate that
measurements were obtained from all of the SEADS transducers. However, because of
the orbiter's flight attitude and suspected flow separations, and due to pressure model-
geometry constraints, some leeward (ports 1 and 15) and aft (ports 19 and 20) fuselage-
mounted orifices did not provide useful data for the air data analyses. In addition, the
0-20 psia transducer at orifice 7 malfunctioned, hence data from this transducer was not
incorporated into the analyses.

A significant factor important to the evaluation of any transducer's performance was
the reference ("zero" pressure) measurement obtained just prior to entry into the
atmosphere. The on-orbit "zero" bias, which was incorporated into all postflight
analyses, provided a final verification of the performance and repeatability of the
SEADS transducers. Table 2 presents the pressure "zero" bias data for representative
transducers. The repeatability of these measurements is excellent and indicates a high
degree of instrument reliability. In addition, as part of the postflight analyses, at the
"transition" from the 1-psia to the 20-psia transducer, the 20-psia transducer was
"zeroed" relative to the 1-psia transducer, to provide the final "in-flight calibration."

A typical calibrated pressure time-history (from port 5) is shown in overlay for each
flight in Fig. 11. This is intended to illustrate the repeatability of the measurements.
Fig. 12 presents an overlay of calibrated pressures measured during STS-35 at several
port locations, and is presented to indicate the variation in pressures as a function of
geometric location.

Low density inlet effects:

The pressure and air data results obtained from the initial flight of SEADS, on
STS-61C, showed that pressures were sensed at altitudes up to 310,000 ft. Even though
accurate attitude, o/, data could be determined starting at that altitude an accurate
freestream dynamic pressure, qeo, could not be obtained. An analysis of the data
showed that while the determination of vehicle attitude is dependent on an accurately
determined pressure distribution, and not on accurate absolute values of pressure, free
stream dynamic pressure, and thence density, are dependent on absolute measurement
values. It was therefore concluded, based on the stated accuracy requirements and the
existing pressure model and data reduction methodology, that the applicability of the



SEADS for these air data (qeo, p) determinations would be limited to altitudes below
265,000 ft.

Subsequently, a review of work conducted by Potter (Refs. 37 and 38) and by Moss
(Ref. 39) showed that, in the transition and free molecule flow regimes, low-density
effects in a pressure orifice must be taken into consideration if one is to extract accurate
pressure measurements. This low-density inlet flow phenomenon, which is a function
of the degree of rarefaction, causes the pressure inside an orifice to be much different
than the pressure at the surface outside of the orifice.

Therefore, to extend the operating envelope of SEADS to include the full operating
range of the transducer's capabilities, data from flight STS-61C were analyzed
incorporating the semiempirical methods developed by Potter (Ref. 40) and direct
simulation Monte Carlo (DSMC) results from Moss. This led to the development of
"corrections" which were subsequently applied to account for the "orifice effect" and
adjust the measured data. A comparison of the corrected and uncorrected densities for
flights STS-61C and STS-35 is shown in Figs. 13(a) and (b), respectively. These results
indicate that appropriate pre-flight corrections can be developed, based on estimates of
the degree of rarefaction present, temperature differences, gas properties, and tube
diameter.

Air Data

The principal objectives of the SEADS experiment were to acquire research quality
air data in support of the OEX Program, and to demonstrate the technologies required
to use the flush orifice air data system concept. These objectives were interpreted as
requiring that SEADS should be capable of providing, as a "stand-alone" system, the air
data parameters: angle of attack, o, angle of sideslip, f, and freestream dynamic
pressure, qwo. These specific parameters were to be determined to an accuracy of 0.5°,
0.5°, and 5 percent, respectively, in the hypersonic/supersonic speed regime starting at
an altitude of 280,000-ft., and to determine these parameters to an accuracy of 1°, 1°, and
5 percent in the transonic and subsonic regimes.

The results from all five flights contributed to the full verification of the SEADS
concept. However, the air data performance assessment has focused on the results
obtained from flights STS-61C and 35 due to the loss of the chin panel orifice (orifice 18)
data on flights STS-28, 32, and 40. The loss of this data compromised the accuracy of
the derived angle of attack. As should be recalled, the air data assessment was
accomplished through a comparison of SEADS and the best estimate trajectory (BET)
derived air data. Experience with the BET, over the many prior flights of the Space
Shuttle Orbiter, has provided a high level of confidence with regard to the accuracy of
its output. This is especially true insofar as attitude and state data are concerned.
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Therefore, for the purposes of analysis the BET has been considered as the provider of
"benchmark" air data.

Comparisons of the SEADS "corrected" air data parameters (a, B, and qeo) with the
BET results from STS-61C (Ref. 20) and 35 (Ref. 21) are presented in Fig. 14.
The significance of the wind tunnel derived "flow field correction coefficients," insofar as
they apply to the Newtonian pressure model, is obvious from the comparison shown

for a in this figure. The figure also shows the excellent agreement which exists between
the "corrected" SEADS and BET results.

As previously stated, the loss of the chin panel orifice (orifice 18) data (on flights
STS-28, 32, and 40) compromised the accuracy of the derived angle of attack. The
decrease in accuracy is due to the lack of sufficient pressure measurements to the
windward of stagnation from which a definitive pressure distribution can be produced
at high angle of attack. The inclusion of orifice 18 data provides the required
distribution. This conclusion was verified by comparable results obtained from an
analysis of the STS-61C and 35 when data from orifice 18 was excluded (Ref. 30). These
results demonstrate the importance of orifice location in relation to operating envelope.

Based on these data comparisons, an error analysis was performed (Ref. 29) and
demonstrated that the SEADS results met or exceeded the previously stated preflight
requirements and, therefore, provided the performance verification required for the
SEADS flush orifice concept. However, a set of final "flow field correction coefficients"
based on flight data were derived in order to optimize the air data algorithm. These
final flight derived "flow field correction coefficients" are presented in comparison to the
pre-flight values in Fig. 6. The details of the derivation process are presented in Refs. 29
and 30 and summarized herein.

In an attempt to identify the source(s) of the differences between the pre- and initial
post-flight coefficients (i.e. the differences between wind-tunnel and flight determined
values), a thorough review of both sets of data was undertaken (Ref. 30). It was
determined that during the final determination of the pre-flight coefficients the data
from Refs. 17 and 18 was weighted more heavily due to the fidelity of the test model
and the test program. The application of an equal weighting to all acceptable high
speed data and the incorporation of data not originally included in the pre-flight data
base, namely those data obtained from the 4.0 percent model in the UPWT (ref. 17) and
the 2.0 percent model in M=6 air (Ref. 15) and M=10 air (Ref. 16), have resulted in a
resolution of the differences between the pre- and post-flight "flow field correction
coefficients."

Of particular note in the assessment of the experimental data was an evaluation of
the effect of including wind tunnel data typically not within the operational attitude
range of the SEADS -- at the associated Mach number -- in the determination of the "flow
field correction coefficients." The results from this assessment showed that the use of
limited (operational) range attitude data only provided more "accurate" wind tunnel



based "flow field correction coefficients" as long as the zero angle-of-attack data were also
included. The incorporation of other non-operational range data did not significantly
influence the correction coefficients, Ref. 30. As a result, these data could be deleted
from the algorithm calibration process, thereby reducing testing requirements in
support of future system designs.

The assessment of the low speed (M<1.5) results, specifically, verified that the use of
a Newtonian-pressure model does not produce the same degree of predictability, as
does the high speed evaluations, insofar as "accurate" air data are concerned. It must be
remembered that Newtonian theory is based on an assumption of a high velocity
impact flow, and such is certainly not the case at low speeds. This fact is borne out by
the results of this research. However, the application of an empirically derived pressure
model, based on Newtonian theory corrected initially by wind tunnel data and finally
by flight data, is certainly capable of determining low speed air data. This, too, has been
demonstrated by the current research results. As for the high speed data, a semi-
empirical algorithm was developed, based on modified-Newtonian theory and
corrected using wind tunnel data. The significant difference, as noted in Fig. 6, between
the high and low speed coefficients is that the low speed C1 varies with YR as opposed
to being a constant value as it is for high speeds.

A review of the final calibrated and corrected data from all 5 flights reveals that,
even though the SEADS design requirement was for accurate air data below 280,000 ft,
useful/accurate pressure data were obtained at altitudes up to 300,000 ft. This is
attributed to the rigorous system calibration procedure imposed on the SEADS
experiment. A complete compilation of the pressures and derived air data from all 5
flights is available in Refs. 41-45.

OPERATIONAL CONSIDERATIONS

Results from the SEADS experiment have provided verification of the technologies
associated with the flush orifice air data system concept. In addition to being capable
of providing across-the-speed-range air data, the flush orifice concept also has
demonstrated a significant advantage over conventional (pitot static probe) air data
systems. Specifically, it does not rely on calibrations based on specific pressure ratios or
differences. Rather, it is based on fitting an overall pressure model to all measured
pressure data. The SEADS methodology is therefore fault tolerant and less susceptible
to the errors introduced by unavoidable differences between the wind-tunnel
calibration models and those ascertained from flight.

Specific air data requirements related to the Space Shuttle Orbiter during reentry are
an accurate knowledge of angle of attack, dynamic pressure, and Mach number. Such
air data information is invaluable in supporting and safe-guarding a variety of critical
events during reentry. It is worth mentioning that the orbiter's master sequencer and
controller (MSC) uses qw to model reaction control system (RCS) jet activities, and that
My is employed to activate aerodynamic surfaces and control vent door sequencing.
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Also, the flight control system requires attitude information to maintain vehicle stability
during flight, while g and My, are needed for control gain and control surface
deflection scheduling. Obviously, a sizable error in the computation of these air data
quantities would preclude the use of any automatic flight control system. In addition, it
is important to note that control gain scheduling errors could prevent even direct pilot
"stick inputs" from controlling and maintaining vehicle stability.

The capability to compute highly accurate air data parameters can have major
impact on nominal flight performance also. For example, that portion of the RCS fuel

budget which has been allocated to navigation derived air data parameter errors would
be reduced.

In the current orbiter configuration air data parameters are computed in modules
which reside within the navigation software prior to the time when the Operational Air
Data System (OADS) probes are deployed at about Mach 2.5 (h = 85K ft). In addition to
being totally dependent on a viable navigation system, these computed air data
quantities suffer from several unavoidable error sources, such as a lack of knowledge of
winds, state vector errors, inertial measurement unit (IMU) platform attitude errors,
and aerodynamic coefficient uncertainties. Furthermore, special provisions must be
made to accommodate the switch from navigation-derived to OADS-obtained values.

The SEADS concept, with its system of flush pressure orifices distributed about the
nose cap and forebody of the vehicle, measures surface pressure distributions directly,
and can determine dynamic pressure and vehicle attitude in a straightforward manner
throughout the entire atmospheric portion of entry. In this air data system, there are no
pressure discontinuities in any of the flight regimes, and there is no deployment
mechanism(s) and only minimal pneumatic lag. With a multiple of pressure-sensing
orifices, the system is capable of delivering accurate air data parameters even in the
presence of (several) sensor failures.

The SEADS concept, therefore, has the capability of making flight control more
independent of navigation, and allows for direct crew control, in such case as a
catastrophic navigation failure. Also, the use of SEADS flush orifice technology would
enhance the flight capability of the Shuttle Orbiter or any other vehicle to which the
concept is adapted.

CONCLUSIONS

A system capable of obtaining research quality air data has been designed, flown
and successfully demonstrated. This demonstration was accomplished through the
incorporation of a flush orifice air data system, one specifically designed and developed
for the Space Shuttle Orbiter. This system, the Shuttle Entry Air Data System (SEADS),
was developed to demonstrate that the flush orifice air data system concept's capability
as (first) an across-the-speed range (subsonic through hypersonic) air data system and



(second) to provide the air data required in the development of other flight
technologies.

The flight tests of the SEADS and the postflight data analyses have demonstrated
that a relatively simple flush orifice air data system concept could be physically
incorporated into a complex flight vehicle and could obtain the data necessary to
accurately determine the vehicle's attitude, as well as the state data required for
guidance, navigation, and flight control.
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Table 1 SEADS orifice coordinates.

SEADS Orifice X (in.) Y (in.)| Z(in.)
Number

1 238.160 0.00 | 347.729
2 236.569 0.00 | 343.217
3 236.000 0.00 | 338.500
4 236.498 0.00 | 333.852
5 238.021 0.00 | 329.302
6 240.396 0.00 | 325.168
7 243.466 0.00 | 321.416
8 247.005 0.00 | 318.086
9 240.466 | -13.50 | 334.422

10 238.281 | -9.25 | 334.108
11 236.920 | -4.75 | 333.913
12 236.920 475 | 333.913
13 238.281 9.25 | 334.108
14 240.466 | 13.50 | 334.422
15 269.600 | -3.00 | 376.000
16 269.600 | 34.20 | 327.800
17 269.600 | -34.20 | 327.800
18 269.300 | -4.70 | 305.500

Table 2 SEADS transducer "zero" bias*, typical.

Flight
Transducer
61C 28 32 35 40
8370 -1.059 -1.396 -1.394 | -1.505 |-1.221
8075 -0.596 -0.838 -0.842 | -0.479 |-0.579
7707 3.793 2.777 2.948 3.255 3.644
8069 1.419 1.278 1.303 1.462 1.454
8070 -0.637 -0.925 -0.902 | -0.793 | -0.757
8071 1.981 3.124 3.072 3.195 3.296
8073 -0.343 -0.576 -0.510 | -0.337 |-0.018

* Bias is given in psf
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Figure 1. SEADS orifice arrangement - schematic.

Figure 2. SEADS nose cap assembly as installed on the Orbiter Columbia.



Figure 3. SEADS nose cap assembly - AFT view.
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(9a) Pre-flight
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Figure 9. SEADS nose cap interior pre- and post flight.
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(10a) Port 5

(10b) Port 11

Figure 10. SEADS ports showing effect of five flights.
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Abstract

Calibrated pressure measurements for species with mass to charge ratios up
to 50 amu/e- were obtained from the Shuttle Upper Atmosphere Mass
Spectrometer (SUMS) experiment during reentry on the STS-35 mission. Data
were collected from 180 km, when the signal rose above the background, to about
87 km, when the SUMS system automatically closed the gas inlet valve. However,
data above 115 km were contaminated from a source of gas emanating from
pressure transducers connected in parallel to the mass spectrometer. At lower
altitudes, the pressure transducer data are compared to the mass spectrometer
total pressure with excellent agreement. The free-stream density in the rarefied
flow flight regime is calculated using an orifice pressure coefficient model based
upon direct simulation Monte Carlo results. This density, when compared with
the 1976 U.S. standard atmosphere model, exhibits the wave-like nature seen on
previous flights using accelerometry. In addition, selected spectra are presented
at higher altitudes (320 km) showing the effects of the ingestion of gases from a
forward fuselage fuel dump. An analysis of the spectra data from this event is
presented to show that no significant permanent changes occurred which affected
the data interpretation at lower altitudes. Further, the localized chemistry from
the individual species during the onset of aerodynamic heating is examined to the
extent possible for a closed source system, such as SUMS. Near the orifice
entrance, a significant amount of CO2 was generated from chemical reactions
with the carbon panels of the Orbiter and adsorbed oxygen on the system tubing.
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psia
Si

X,Y,z

V1,vV2,V3
0.

B

p
T

Acronyms

DSMC
GSE
HiRAP
OEX
PCM
SEADS
SIP

Nomenclature

=atomic mass unit per unit charge
=equilibrated pressure coefficient

=inlet system flow restrictors (i.e., leaks)

=mole fraction of species i

=ion current of species i

=sensitivity coefficient constant ; 140.0 for range valve closed or

1.0 for range valve open
=pressure of species i

=equilibrated pressure
=surface pressure
=total pressure due to all species

=free-stream dynamic pressure (i.e., —;-pV2 )

=pounds per square inch absolute
=sensitivity coefficient of species i
=body axes

=velocity

=inlet valve, dynamic range valve, and protection valve, respectively
=angle of attack

=sideslip angle
=density
=change in pressure of species i due to chemistry

=direct simulation Monte Carlo

=ground support equipment

=High Resolution Accelerometer Package
=0Orbiter Experiments

=pulse code modulator

=Shuttle Air Data System

=strain isolation pads

=Space Transportation System

=thermal protection system

=Upper Atmosphere Mass Spectrometer

Introduction

The main objective of the Shuttle Upper Atmosphere Mass Spectrometer
(SUMS) experiment is to obtain measurements related to free stream density in
the hypersonic, rarefied flow regime during the Shuttle atmospheric reentry.



These measurements, when combined with acceleration measurements, allow
the determination of Orbiter aerodynamic coefficients in a flow regime previously
inaccessible to experimental techniques. This report presents the results of
analysis of flight data from the SUMS experiment taken during the Orbiter's
reentry on the STS-35 mission. A complete description of the SUMS experiment is
given in Ref. 1; however, a brief review is given here for continuity.

Experiment Description

The main elements of the SUMS flight equipment consist of a 0.1 psia
pressure transducer, an inlet system, and a flight mass spectrometer. As
depicted in Fig. 1, the pressure transducer is in parallel with the inlet system and
it provides backup protection to the mass spectrometer in the event of valve closure
failures as well as a source of independent pressure data to compare with the
mass spectrometer data. It is important to note that two additional pressure
transducers from a different experiment were connected to the same orifice for a
total of three transducers connected in parallel with the mass spectrometer.

The inlet system includes stainless steel tubing connecting a filter, an inlet
valve, large and small calibrated pinched tube leaks in parallel (see C1 and C2 in
Fig. 1), and a dynamic range valve. When the dynamic range valve closes, the gas
flows exclusively through leak C2 thereby expanding the measurement range.
The mass spectrometer is located remotely from the inlet system within a
pressure housing which is filled with sulfur hexafluoride at 1.0 atm pressure. A
protection valve is placed in the gas line to the mass spectrometer as a backup to
an inlet valve failure. The physical arrangement of the SUMS components on the
Orbiter is shown schematically in Fig. 2. Inlet tubing penetrates the Orbiter chin
panel just aft of the nose cap and connects to the inlet system after passing
through the nose wheel-well bulkhead. The inlet system is connected with
another tube to the mass spectrometer which is mounted on the nose wheel-well
bulkhead as shown in Fig. 2. The actual installation of the SUMS flight equipment
on OV-102 is shown in Fig. 3. The view is looking toward the nose while standing
inside the wheel-well. The device on the upper right of the bulkhead is the PCM
slave which routes the data to the tape recorder for remote recording on the OEX
data system during the Shuttle flight.

The SUMS mass spectrometer is a flight spare from the Viking (Mars
Mission) Project Upper Atmosphere Mass Spectrometer (UAMS) experiment that
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has been modified to provide mechanical, electrical, and data compatibility with
the Shuttle. SUMS experiment operation during flight is controlled by commands
stored in the Shuttle computer and by internal "firmware" logic. The application
of power for vacuum maintenance and for normal equipment operation is
controlled by stored Shuttle commands while internal operation, such as opening
and closing valves, is performed by the SUMS control electronics which depend
upon atmospheric conditions as measured by the SUMS pressure transducer
and/or mass spectrometer.

The mass spectrometer has a mass range of 1 to 50 amu/e” in increments of
0.25 amu/e” and can measure gases hydrogen (H2) through carbon dioxide (CO2)
at arate of 1 scan every 5 seconds. One typical 5 second SUMS measurement
scan obtained near 90 km altitude during STS-35 is shown in Fig. 4. SUMS is
powered on shortly before the initiation of deorbit burn and then samples the inlet
gases with the range valve open until an altitude of about 108 km is reached. At
that point, the range valve closes leaving only the small leak to transmit gas to the
mass spectrometer until about 87 km. Below 87 km, the inlet valve closes, but the
mass spectrometer continues to operate until landing to observe the system decay
characteristics as it is pumped down. The complete reentry data set on STS-35
consists of approximately 760 scans representing about a 4000 second
measurement time interval. The free-stream gas flow relative to the orifice is at
an angle of - 29° when the Orbiter is at the nominal reentry angle-of-attack of 40°.

SUMS System Calibration

Laboratory Tests

Calibration of the instrument was accomplished in the laboratory using a
setup of specially designed ground support equipment (GSE) connected to the
flight hardware. Calibration includes introducing a test gas to the GSE and
varying pressure statically (i.e., set a pressure and hold) as well as dynamically
(i.e., vary pressure with time). The dynamic test setup provides a method to
simulate pressure changes expected during flight. Inlet pressures are then
measured (using a sensitive Baretron pressure gauge) and compared to the
resulting ion peak currents measured by the mass spectrometer itself. The ion
current when divided by inlet pressure provides the sensitivity coefficients
(amps/torr) of individual gases (e.g., N2, CO, 02, and CO2) connected to the inlet
test setup. This procedure allows the partial inlet pressure of each species to be



determined from a measured ion current in the mass spectrometer during flight.
Currents were also recorded for peaks which resulted from the double ionization
or "cracking" of a molecule. Examples of these measurements include the ion
current peak measured at 14 from doubly ionized N2 and the ion current peak
measured at 28 and 16 as CO2 splits into CO*tand O+. Knowledge of the doubly
ionized to singly ionized ratios and the cracking patterns allows the
determination of the amount that each species contributes to a particular peak.
This amount is necessary for calculating the correct composition of the gas as it
enters the mass spectrometer. These ratios are specific to the SUMS instrument
and the important ones are listed in Table 1.

System Response Function

A change in gas pressure at the inlet is not sensed immediately by the mass
spectrometer because a time lag response exists due to the enclosed volumes and
tube lengths. During some time interval when the descent rate of the Orbiter is
fairly constant, the time lag can also be expressed as an altitude shift.
Consideration of the shift is most important when SUMS data must be combined
with, or compared to other data. For example, to compare the SUMS ambient
density predictions to the 1976 U.S. standard atmosphere, it would be necessary to
account for the system response time.

An electrical network analog was developed to predict the sensor lag or
response function of the SUMS system. The conductances of the inlet tubing and
the UAMS terminator were modeled as resistive elements; the volumes of the
system were modeled as capacitive elements, and the time dependent input
pressure was modeled as an applied voltage. The coefficients of the solutions to
the differential equations describing the electrical network model were obtained
from a series of static and dynamic calibration laboratory tests of the flight
equipment.2 A volume which represents the tubing forward of the inlet system
was used during the tests. However, this laboratory setup did not physically
include the two flight pressure transducers which are connected in parallel to the
inlet line. Attempts to apply the electrical analog model results for the system as
flown were unsuccessful because air, which was trapped behind the filter of each
pressure transducer, slowly leaked into the system. This effect could not be
satisfactorily adapted to the pre-flight system response model results due to the
lack of knowledge of the characteristics of the phenomena. Therefore, the
electrical analog model proved to be of little practical use for post-flight estimates
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of the time lags. However, pressure transducer flight data did allow an
experimental determination of the pressure lag for the range valve closed
condition.

Estimate of the System Response

SUMS Time Lag

The SUMS measurement time lag can be determined from the pressure
transducer output for the range valve closed condition. The correlation with the
pressure measurements requires the calculation of total pressure using the mass
spectrometer data. SUMS total pressure can be calculated by summing the
individual species measurements as follows:

I.
= i
Pt_ko§s,’ 1)

where ko is a constant dependent upon the state of the range valve; Ij is the
measured ion current of species i, and Sj is its sensitivity coefficient. Figure 5(a)
shows the results of the calculations from the data taken on STS-35 for the range
valve closed condition using species N2, 02, CO2, Ar, and NO. Range valve
closure occurs at 108 km and the tubing system evacuation process is clearly
observed in Fig. 5(a). Included in Fig. 5(a) are the pressure transducer data over
the same altitude interval. At these lower altitudes, pressure changes are rapidly
transmitted through the tubing, but compositional changes are delayed. It would
be expected, therefore, that the pressure transducer measurements are nearly
instantaneous and that the lag between the mass spectrometer measurements
and pressure transducer measurements represents the total lag of the mass
spectrometer system. An apparent 0.2 km lag (1.5 seconds) is seen in Fig. 5(a) at
the lower altitudes. Figure 5(b) shows the improved results, particularly below

95 km, after a 0.2 km upward altitude shift is applied to the SUMS data. This shift
is based on the measured total pressure referenced to the start of the scan time.
The individual ion currents have been interpolated to this common time.

Leak Switch Transient

The comparison between the pressure data and the mass spectrometer data
at altitudes beyond the data transmission gap (above 97 km) does not compare well
in Fig. 5(b). The main difference is due to the remnants of gas trapped in the



tubing after the leak switch. Removing this transient requires an application of
the pump-down characteristics of the system.

After the range valve closes, gas remains in the tubing and requires some
time before it is pumped from the system. SUMS measures this gas in addition to
the fresh gas which is sampled from the atmosphere. As a result, the data
obtained after the range valve closes contains a decaying pressure transient as
shown in Fig. 6 for the Nitrogen component. This transient pressure drop can be
estimated by observing the system pump down characteristics after the inlet valve
closes and no more external gas enters the system. By subtracting the percent
drop per measurement time interval in the pump down region, the transient can
be removed from each of the species and a corrected data set can be obtained. This
correction can be applied to the data shown in Fig. 5(b) to obtain an improved
measurement, particularly for altitudes above 95 km. When this effect is

removed, excellent agreement is noted with the pressure transducer data as
shown in Fig. 7.

Free Stream Density Determination

ili Pr i

In flight, the total surface pressure measured at the SUMS inlet tube is
higher than the free stream dynamic pressure.3:4 Inside the tube, the gas
pressure quickly drops as it equilibrates to the wall temperature of the inlet tube.
To obtain information about the ambient atmospheric conditions from the SUMS
instrument, it is necessary to determine the relationship between the free stream
pressure and the inlet tube equilibrated pressure which is subsequently measured
by the mass spectrometer. The approach involves a model of the flow field and a
model of the gas behavior in the tube near the entrance of the inlet orifice.?
Results from a theoretical model using direct simulation Monte Carlo (DSMC)
calculations were developed specifically for the SUMS instrument® so that the
equilibrated pressure, Pg, could be related to the free stream dynamic

pressure,%pV2 , by the equilibrated pressure coefficient, (Cp)e, which is defined

as:

(Cp)e= e __¢e (2)
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The (Cp)e values used in this analysis are shown as a function of Pe in Fig. 8.

Shown on the figure are the data from Ref. 6 along with a curve which is derived
from a combination of pressure and accelerometer flight data. The higher altitude
(Cp ) e data developed for the SUMS instrument did not extend to the lowest
measurement altitudes. For this reason, an experimental pressure coefficient
was developed based on pressures measured by the pressure transducers,
accelerations measured by the HiRAP accelerometer, and aerodynamic
coefficients inferred from previous HiRAP flights.?” The experimental pressure
coefficient is the product of a flow-field coefficient ratio which relates the surface
pressure to the free-stream dynamic pressure and an inlet coefficient ratio which
relates the equilibrated internal pressure to the surface pressure. That is,

P

o
-

C,.),. =—-¢& (3)
PS

P)e

(o]

©Q

As continuum conditions are approached during reentry, the flow-field coefficient

ratio decreases while the inlet coefficient ratio rapidly increases. Results of a 7th
order curve fit to the flight data are shown for (Cp)e on Fig. 8. This curve is used

for pressures greater than about 10 N/m2. At lower pressures, a curve fit (not
shown) to the Moss and Bird6 data is used. In this figure the coefficient increases
steadily with pressure until reaching a value of about 1.5 where it levels and
gradually declines to about 1.41, the modified Newtonian limit. The experimental
pressure coefficient extends the DSMC analytic model to higher pressures, but for
pressures above 100 N/m2, the experimental coefficient exceeds the theoretical
limit of 1.41 which is calculated using the modified Newtonian approach for
continuum hypersonic conditions. An explanation for this result is that when
using any common criteria for continuum conditions, such as the ratio of
molecular mean-free-path to characteristic length, the inlet coefficient reaches a
continuum state before the flow-field coefficient.

A rearrangement of Eq. (2) can be applied to the SUMS equilibrated pressure
measurements to allow the calculation of the dynamic pressure and,

subsequently, the free stream density. That is, given Pe as measured by the SUMS
(or a pressure transducer), and the (Cp)e model (Fig. 8), the dynamic pressure is

simply the ratio of these quantities. With dynamic pressure, the atmospheric



density, p can be calculated since velocity, V, is known from the trajectory
reconstruction process.8

Density Results

SUMS data were gathered from orbital altitudes (~346 km) down to
approximately 87 km where the inlet valve closed. Fig. 9 shows the altitude profile
as flown during a portion of the STS-35 reentry mission. SUMS spectra scans are
transmitted continuously from deorbit altitude, but, for this flight, the SUMS
signal came out of the background at about 180 km ( labeled "Measurable Signal").
The delay in the signal emerging from the background signal was unexpected
and later investigations identified the cause to be trapped gas behind the filters of
the pressure transducers. The details of the background signal will be discussed
later. Thus, during reentry, SUMS data covered an interval of about 18 minutes
from approximately 180 km to 87 km. During this time interval, the Orbiter was at
an angle-of-attack of about 400 traveling at a speed of about 7500 m/s. Figure 9 also
shows the altitude location of the range valve closure which switches leaks
(l1abeled "Range Valve Closed") and allows measurements deeper into the
atmosphere.

The density has been calculated from the mass spectrometer spectra using
the method outlined in the previous section, and is shown in Fig. 10. Included in
the figure, for comparison, is the density from the 1976 U.S. standard atmosphere
model.9 At altitudes less than 115 km, the SUMS data compare well with the
model and show traces of the characteristic wavy density pattern that appear in
other separate flight experimentation.10 At higher altitudes (> 115 km ), however,
the data obviously are being influenced by the background gas.

System Background

The background levels of the spectra taken at orbital altitudes were
extraordinarily high. An extensive investigation of the equipment after the flight
revealed that ground composition air was trapped behind the filter within each
pressure transducer connected in parallel to the mass spectrometer. Most of the
trapped air escaped quickly as the Shuttle attained orbit. However, once in orbit,
the pressure dropped, and free molecule flow conditions were reached causing
the effective conductivity of the filters to drop to only a fraction of that at higher
pressures. Under these conditions, the remaining air leaked continuously into

87



88

the inlet tubing producing a small background pressure source while on orbit.
The pressure was nearly constant at about .08 N/m2, and the composition (N2, O2,
Ar, and CO2 ) matched sea level air.

Figure 10 shows the effect of the trapped air background source on the
density calculations. Above about 120 km, an exponential-like free-stream density
decrease is expected, but the density is unreasonably high at a near constant level.
Indeed, the density measurements eventually exceed a standard atmosphere by a
factor of more than 10. A similar unreasonable density result occurs when the
measurements are corrected by simply subtracting a constant background. Only
by subtracting a semi-empirical variable background pressure can a reasonable
behavior of density variation be obtained. Based on these results, it is concluded
that the background pressure during the high altitude measurements varies in a
manner which requires further study of the conductances of the pressure filters
before a reliable background model can be established. For this reason, the high
altitude data are not reliable. Below about 120 km, the external pressure of the gas
rises high enough so that the background source is no longer a contributing factor
and reliable results can be obtained.

Fuel Dump Analysis

During a period of about 120 seconds, as the Orbiter descended through
320 km, pulses were observed in the SUMS spectra data for some of the species.
Upon a closer examination of the HiRAPS accelerometer data on STS-35, it was
clear that the spectra were affected by the ingestion of gas from the forward
fuselage fuel dump of methyl-hydrazine (CH3HN2H9). Figure 11(a) shows the
Orbiter x body axis accelerometer data taken during reentry. At about 18,300
seconds GMT, the HiRAP sensor detected a large (600 ug) x-axis disturbance
which was traced to the forward fuselage fuel dump prior to the entry interface.
An examination of the spectra data was made in order to determine if the fuel gas
contaminants altered the interpretation of the data at lower altitudes. Figure 11(b)
shows the corresponding ion currents measured by SUMS for some selected
species during the fuel dump time period. Most noticeable is the large peak at 15
amu/e” which is assumed to be the methyl radical, CH3. Both the methyl-
hydrazine at 46 amu/e- and HN2H?9 (i.e., a free radical resulting from CH3

splitting from methyl-hydrazine) at 31 amu/e” show no appreciable increases and



are not shown in Fig. 11(b). Similarly, both the water at 18 amu/e~ and the OH at
17 amu/e- show no peak.

The remaining species (N2,02,C09, Ar, and O) all show increases in varying
amounts. Nitrogen (28 amu/e") shows a peak which could possibly be due to a
decomposition product of methyl-hydrazine, or could be swept from the system
walls. Ion peaks appear at both 32 and 16, but the 16 peak, relative to its pre-dump
background readings, is much larger than the 32 peak compared to its
background. If we examine the ratio I16/I32 , shown on Fig. 12(a), then this
difference becomes evident. Since the ratio persists at a level larger than the pre-
dump background and seems to decay toward it, this result suggests that CH4 has
been generated and is adhering to the walls. Below about 180 km, the ratio
decreases abruptly as the 02 concentration increases.

The 16 ion peak can be predicted using the ionization and cracking ratios in
Table 1, assuming that the 16 ion peak was produced totally from O2 (32) and COg2
(44). When 116 observed is divided by 116 predicted using this assumption, a huge
peak appears at the time of the dump as seen in Fig. 12(b). The fact that this ratio
is much larger than unity demonstrates that the 16 peak is not coming solely from
02 and CO2.

Figure 13 shows the ratio of I14 measured to 114 predicted, assuming 114
predicted comes from doubly ionized N2 and from doubly ionized CO, which
comes from CO2Q. The ratio is near unity throughout except for a small drop at the
time of the fuel dump, as can be seen in Fig. 13. This suggests that CO rises in
the system slightly after the fuel dump over that produced from COg9 fractionation,
but is pumped from the system readily.

Based upon the preceding analysis, the spectra after the fuel dump showed
no significant permanent changes occurred due to the ingestion of the fuel gas
into the system.

Chemistry Considerations

It is well known1l that high temperature flow phenomena at lower altitudes
cause chemical reactions which change the local undisturbed atmospheric
composition. Thus, it is expected that the composition measured by SUMS differs
from the composition near the orifice entrance, and is different from the ambient
atmosphere. It is possible to gain some insights into the behavior of the gas
composition near the Orbiter surface at the onset of aerodynamic heating. Mass
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spectrometer species data provide more information than a simple pressure
transducer, but the information is not complete since the behavior of atomic
oxygen (and other highly reactive species) is totally masked by a closed source
system, such as SUMS.

The mole fraction, Fj, for species i in a gas mixture containing n species can
be calculated using the equation,

P.
—5v_1 1=
Fi_§Pj , j=1, 2,1 @)

where Pi is the partial pressure of species i and the Pj's are the partial pressures
of the n gases measured by the mass spectrometer. The mole fractions for CO9,
02, and N9 are shown as a function of altitude in Figure 14(a). Together with Ar,
which remains constant at approximately 1 percent, the partial pressures of these
species combine to account for almost all of the pressure measured by the mass
spectrometer on STS-35. For reference, Fig. 14(b) is a graph of the mole fractions
of the ambient atmosphere based upon the 1976 U.S. standard atmosphere
model.? For these calculations, atomic oxygen is combined with O2 to represent
the total number of oxygen molecules available to the mass spectrometer before
flow-field chemistry. That is, all of the atomic oxygen which does not react with
other elements, or is not adsorbed by the walls, combines to form Og before it is
measured by the mass spectrometer. As seen in Fig. 14(a), the mole fractions
remain fairly constant to about 100 km, similar to expectations without flow-field
chemistry. It is not until below about 100 km that the mole fractions begin to
change. At that altitude, both the O2 and N2 mole fractions begin to decrease as
the mole fraction of CO2 begins to increase. Since CO2 concentration rapidly
increases, chemistry caused by aerodynamic heating has begun.12 There are at
least two sources of carbon; one is the carbon in the steel tubing, and the other is
the Orbiter's surface chin panel and nose cap which are made of coated carbon-
carbon materials. The exact method for the production of CO2 is not known, but a
possible mechanism is that the heated carbon-carbon chin panels near the
Orbiter's nose region interact with oxygen to produce a mixture of C, CO, and
CO2. This mixture then reacts with atomic oxygen adsorbed to the walls of the
inlet tubing, and produces almost exclusively CO2 before being measured by the
mass spectrometer.



The change in partial pressure of species i, tj, due to chemistry sources or
sinks can be estimated using the above equation by letting

Pi=Pi+7 | (5)

where Pj is the partial pressure of species i if there were no aerodynamic heating
and P'j is the altered partial pressure of species i due to aerodynamic heating (P'j
is measured by the mass spectrometer). The values of i can be solved by
combining Eq. (5) with Eq. (4) and considering the mole fractions prior to
aerodynamic heating as constants, i.e., similar to Fig. 14(b). Assuming that N9
undergoes no chemical changes due to heating results in 4 independent equations
and 4 unknowns for a gas consisting of CO2, O2, and N9. The 4 unknowns are the
pressures P(302 and P02 (both without chemistry changes), and the pressure

changes 7. ,and7_ at any altitude. The results from the solution of these
CO2 (o) 5

equations , as a function of altitude, are shown in Fig. 15. The results, expressed
as a percentage, show that the production of CO9 is significant; over 20 percent of
the gas measured at lower altitudes is CO2. Concurrently, at this altitude, oxygen
is being depleted by about 7 percent of the total gas sampled, which represents
nearly half of the oxygen measured.

It is worth reiterating that the actual chemical composition at the orifice
entrance is probably different due to the presence of atomic oxygen. At altitudes
near 100 km, the standard atmosphere model predicts an ambient composition
containing about 10 percent atomic oxygen, O. Any molecular oxygen, 092,
dissociation in the shock/boundary layer would produce additional atomic oxygen,
but as expected, atomic oxygen was not measured at any altitude during the
SUMS experiment. This result suggests that O readily combined with carbon and
other molecules before it was measured.

Conclusions

The SUMS experiment has provided partial pressure measurements in the
altitude range from 180 km to 87 km during STS-35 reentry. However, above about
115 km altitude, the measurements are contaminated with sea level composition
air. The source of this contamination was identified as a slow release of gas
trapped behind pressure transducer filters which were connected in parallel to
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the mass spectrometer. Below about 115 km, as the Orbiter surface pressure rises
to values much larger than the trapped gas source, the sum of the SUMS partial
pressure measurements correlates well with available local pressure transducer
measurements. The free-stream density in the rarefied-flow regime has also been
calculated from the SUMS measurements. The procedure involved using an
analytical/empirical model for the pressure coefficient at the SUMS orifice. The
SUMS density measurements corroborate earlier accelerometer measurements
which indicate that large scale density waves exist in the upper atmosphere
relative to standard atmosphere models. At 320 km, the SUMS registered the
effects of the gas resulting from the Orbiter forward fuselage fuel dump.
Examination of the spectra in this altitude region showed a large 15 ion current
peak transient, probably CH3, along with other species, but no significant
permanent changes occurred due to the ingestion of the fuel gas into the system.
The initial effects on gas composition due to aerodynamic heating were observed
beginning at about 100 km. The production of CO2 and the corresponding
depletion of O2 are clearly seen as the reactive gases from the flowfield, near the
surface, react with the abundant carbon from the carbon-carbon nose and chin
panels and subsequently with some of the atomic oxygen adhering to the tubing

walls. It is estimated that at the lowest measurement altitude of SUMS (87 km),
about 20% of the total pressure comes from CO2.
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Table 1. SUMS Ionization and Cracking Ratios for CO, Ng, O9, Ar,

and COqg

GAS MASS (amu) ION CURRENT RATIOS

Carbon monoxide, CO 28 112/128 024
I14/I28 012
I16/I28 .0056

Nitrogen, No 28 114/108 .068

Oxygen, O2 32 I16/I32 075

Argon, Ar 40 I20/140 27

Carbon Dioxide, COg9 44 114/144 .0007
I16/144 12
I22/T44 .033
I2g/l44 .06
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Overview

e Objectives

e Implementation

e Description

e Sensor Ranges and Resolution
e System Integration

e Flight History

e Future Usage

Experiment Objectives

* Acquire Space Shuttle Orbiter aerodynamic data in hypersonic,
supersonic, and transonic flight regimes

e Establish an extensive data base for verification of and correlation
with ground-based test data
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Hardware Objective

Design, develop, and implement an instrument package that

Provides vehicle dynamics data (accelerations and rates) with
performance characteristics not available from baseline Orbiter flight data
systems

¢ Axial acceleration
* Higher data sampling rates
¢ Increased resolution

¢ Precise time correlation

Implementation

ACIP hardware developed by Bendix Aerospace Systems Division
Vehicle integration design and implementation by Rockwell International

Hardware development and integration managed by Johnson Space
Center

Two ACIP systems fabricated and installed
® OV-099 Challenger
* OV-102 Columbia

Data processing and distribution by JSC OEX Data Lab
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Hardware Description

* Major subassemblies
e Triaxial Accelerometer/Gyro Instrument Package (TAGIP)
* Triaxial Angular Accelerometer (TAA)
* Data Handling Electronics (DHE)

e TAGIP contains three orthogonally-mounted linear accelerometers
and three orthogonally-mounted rate gyros

* Linear accelerometers employ the force-rebalance, pivot and jewel,
suspended pendulous-mass design

* Rate gyros are single-degree-of-freedom units, employing liquid
hydrostatic suspension for reduced friction, and use a torque-rebalance
servo system for rate sensing

DESICCANT
ASSEMBLY

HUMIDITY
COVER

TRIAXIAL ACCELEROMETER/
GYRO INSTRUMENT
PACKAGE (TAGIP)

- PCH
AXIAL SLAVE

ANGULAR CONTROL
ACCELEROMETER SURFACE
(TAA) N DHE

DATA
HANDLING
ELECTRONICS
(DHE)
ACIP/ORBITER
THERMAL MOUNTING ORBITER
PLATE HARNESS

ACIP Component Layout

110



Hardware Description (Cont'd)

TAA contains three orthogonally mounted single-axis fluid rotor angular
accelerometers

* Fluid enclosed in an angular tube serves as the main inertia element

* Angular acceleration about the input axis results in fluid motion which
tends to deflect the vane

* Servo system current that restores vane to null position is a direct
measure of angular acceleration magnitude

DHE conditions each sensor output and provides housekeeping data

* Sensor outputs are pre-sample filtered, multiplexed, digitized to
14-bit resolution, and formatted into a serial digital data stream

* Presample filters (in conjunction with high sampling rate-213 S/S)
eliminate data aliasing, but limit sensor frequency response to
20HZ

* Housekeeping data include ACIP temperatures, voltages, and currents

Serial digital data are routed to a PCM Master in the Support System
for OEX (S50)

Housekeeping data are routed to a PCM Slave for multiplexing and
digitizing to 8-bit resolution

PCM Master tags the data with Greenwich Mean Time (GMT) obtained
from the Orbiter

ACIP test mode, when commanded, results in each sensor servo system
being offset by a fixed amount, thereby providing an indication that the
servo loop is functioning properly

Each sensor subassembly is accurately aligned to the ACIP baseplate by
combinations of precisely machined pins and dowels
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Hardware Description (Cont'd)

ACIP baseplate is aligned to the orbiter structure via precision pins

ACIP cover provides
* A degree of passive thermal control

* Humidity control through use of a flow-through desiccant assembly

"Mini" DHE acquires selected instrumentation outputs from the orbiter
Operational Instrumentation system

* Four elevon position measurements

* Rudder position measurement

* One Reaction Control System jet chamber pressure measurement

* Like the DHE, the Mini DHE provides similar presample filtering,
multiplexing, and digitization .

Mini DHE serial data output is sent to PCM Master

Control surface position data are thereby melded with ACIP data
* Same sampling rate as ACIP sensor data
* High resolution

¢ Precise time correlation with sensor data



Sensor Axis Range Resolution

(Orbiter Reference)
Linear Accelerometer X-Axis +1.5¢g 183ug
(Longitudinal) +3.0g* 366ug"  *STS9 effectivity
Linear Accelerometer Y-Axis +0.5g 6lug
(Lateral)
Linear Accelerometer Z-Axis +3.0g 366ug
(Normal)
Rate Gyro X-Axis +300/S .00360/S
(Roll, p)
Rate Gyro Y-Axis +100/S .00120/S
(Pitch, q)
Rate Gyro Z-Axis +100/S .00120/S
(Yaw, 1)
Angular Accelerometer X-Axis +2.0 rad /sec2 244 prad /sec2
(Roll, p)
Angular Accelerometer Y-Axis +1.0 rad/sec2 122 prad/sec2
(Pitch, q)
Angular Accelerometer Z-Axis +1.0 rad/sec2 122 prad/sec2
(Yaw, 1)
Integration

e ACIP located beneath payload bay in wing box

* Mounted on shelf assembly which provides
* Rigid attachment to orbiter centerline rib
¢ + 10 arc minute alignment of sensor axes with orbiter axes

e Thermal isolation
e PCM system and Mini DHE share ACIP shelf

e All ACIP PCM data stored on tape during mission and dumped to
ground recorders after landing

* Multilayer insulation blanket over ACIP/PCM/Shelf assembly
provides passive thermal control

* Active thermal control via thermostatically-controlled strip heater
bonded to ACIP baseplate
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ACIP
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ACIP/PCM Location On Orbiter

Flight History

e Two ACIP units (S/N 1 and S/N 2) were built
e S/N 1 has flown 6 times on OV-099 and 7 times on OV-102

e S/N 2 flew 4 times on OV-099 and 5 times on OV-102. It was lost
with Challenger on STS-51L

* Due to tape recorder failure, no entry data were obtained on STS-2
* Z-axis rate gyro failed during entry phase of STS-41B

® Due to failure of the ACIP +5 VDC power supply a fe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>